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Abstract 
 
The use of multiple-collector inductively coupled plasma mass spectrometry 
(MC-ICP-MS) for trace element stable isotope ratio analysis has been well established 
within geochemistry since its conception. The utilization of this high precision 
technique has since progressed to some environmental applications; however, the use 
of this tool in biological and biomedical work is limited to few studies. The aim of 
this thesis is to establish viable techniques to enable high precision isotope analyses of 
Cu and Zn in biological media, and demonstrate these methods via several 
collaborative pilot studies across biomedicine and ecotoxicology. For this, a new 
method for the separation of copper from biological materials to enable accurate and 
precise Cu isotope analyses (±0.10 ‰) has been developed. This has been applied to a 
study that, with the use of a 65Cu enriched stable isotope tracer, shows that 
abnormalities of the human copper metabolism exist in those with Parkinson’s 
disease. The first Zn isotope analyses of various engineered ZnO nanomaterials 
(NMs) has been performed, which in conjunction with an extensive literature survey 
and modelling studies, has shown that highly selective and sensitive detection of ZnO 
NMs can only be achieved with the use of purpose made isotopically labelled ZnO 
NMs. This is in part due to the high natural background levels of this element and 
relatively low Zn concentrations involved in ecotoxicologically relevant exposures. 
This concept has been successfully implemented to investigate ZnO NM uptake by an 
estuarine invertebrate, and has shown that Zn from ZnO nanoparticles is bioavailable 
to these organisms. These pilot studies have shown that there is vast scope for high 
precision isotope analyses of trace metals in life sciences, and support the transition of 
such investigations to full-scale studies. 
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Chapter 1 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
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1.1. Rationale and background 
 
The use of multiple-collector inductively coupled plasma mass spectrometry 
(MC-ICP-MS) for trace element stable isotope analysis has been well established within 
geochemistry almost since the conception of such instruments (e.g., Johnson et al. 
[2004]). The utilisation of this high precision technique has since progressed to 
environmental applications (e.g., Cloquet et al. [2008]; Ellis et al. [2002]; Mattielli 
[2009]). The use of this tool in biological and biomedical work to investigate light trace 
elements is, however, limited to relatively few studies [Albarède et al., 2011; Balter et 
al., 2010; Benkhedda et al., 2008; Büchl et al., 2008; Krayenbuehl et al., 2005; Ohno et 
al., 2005; Skulan et al., 2007; Stenberg et al., 2003; Walczyk & von Blanckenburg, 
2005]. 
The employment of stable isotopes is not foreign to the biomedical community 
whereby the majority of these studies undertake the use of (highly enriched) isotope 
tracers as concentration markers (e.g., Fox et al. [2004]; Stürup [2004]; Turnlund [1989, 
1995]), and sample analysis is generally performed with less precise instruments such as 
single collector quadrupole-based and sector field ICP-MS. These instruments benefit 
from minimal sample preparation and are widely available in medical institutions as 
routine analytical tools. The precision achievable with these tools, however, is 
principally restricted by beam instabilities and isobaric and molecular interferences on 
the element of interest [Jarvis et al., 1992; Rehkämper et al., 2001], and therefore the 
use of these instruments does not enable detection of the small differences in isotope 
ratios generated in some tracer studies when biologically and environmentally relevant 
concentrations are administered. 
Due to the high precision achievable with MC-ICP-MS, this instrument and the 
related sample preparation techniques can be utilized to investigate these smaller 
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differences in isotope composition, however, the sample matrices (e.g., hair/fur, blood, 
tissue) entailed in biological work require significantly altered sample handling 
(biohazard considerations, sample sizes, storage) compared to those employed by 
geochemists when investigating isotopic compositions of the same element. The 
behaviour of these matrices through the necessary separation processes required to 
isolate the target element prior to analysis with MC-ICP-MS may also vary 
considerably due to differences in elemental composition, and therefore techniques in 
use by the geochemical community cannot necessarily be applied ‘out-of-the-box’ to 
these sample types. 
Copper and zinc are two of the most biologically important trace elements for 
humans and animals alike. A careful balance of these metals by organisms is needed to 
function properly and the over- or under-availability of these elements can have severe 
detrimental effects [Fraga, 2005]. Applying the techniques of high precision isotope 
mass spectrometry, as pioneered in geochemistry, to biological situations promises to 
provide key information. Such an approach, however, also requires significant 
interdisciplinary collaboration in order for experiments to be devised correctly to take 
advantage of these precise measurement tools. This thesis focuses on the elements Cu 
and Zn, and the work demonstrates the important contribution high precision isotope 
analyses can provide to the understanding of biological interactions involved with them. 
 
 
1.2. Thesis aims 
  
The objective of this thesis is threefold. Firstly, to develop and establish 
methodologies to enable the precise (±0.10‰) analysis of stable copper and zinc isotope 
compositions of biological materials by MC-ICP-MS. Secondly, to apply and 
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demonstrate the relevance of these methods in important biomedical and environmental 
studies, where the analysis of biological matrices is essential for progression. The 
diversity of the two studies chosen, namely the copper metabolism in subjects with 
Parkinsonism, and the tracing of zinc from manufactured nanoparticles, highlight the 
far-reaching applicability of high precision isotope analyses. Thirdly, to show how 
collaboration is fundamental to making progress in biological research areas, and how 
this must be demonstrated in effective communication by publication of accessible, 
clear and concise papers, to enable a diverse body of researchers to use the techniques 
and findings to their advantage. 
 
 
1.3. Thesis outline 
 
 A novel technique of ion exchange chromatography is developed in Chapter 2 
for the separation of Cu from biological samples prior to stable isotope analyses. In 
contrast to previous methods, the new technique makes use of the different distribution 
coefficients of Cu(I) and Cu(II) to anion exchange resin and this helps to significantly 
improve the purity of the Cu separates obtained from biological samples, whilst 
maintaining crucial quantitative yields. Careful method validation confirmed that the 
procedure yields sufficiently pure Cu fractions after a single pass through the anion 
exchange columns, with a recovery of 100 ± 2%. Subsequent isotopic analyses of the 
Cu by MC-ICP-MS, using admixed Ni for mass bias correction, produced accurate Cu 
stable isotope data with a reproducibility of ±0.04‰ for pure standard solutions and of 
±0.15‰ for samples of biological origin.  
 Chapter 3 successfully implements the methods developed in Chapter 2 to a 
study that investigates whether abnormalities of the human Cu metabolism contribute to 
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the development of Parkinsonism with the aid of a stable 65Cu isotope tracer. The 
analyses of blood serum 65Cu/63Cu ratios yielded isotopic profiles, which indicate that 
the Cu metabolism is less controlled in patients with Parkinsonism compared to healthy 
controls. Modelling based on both isotope tracer and total Cu concentrations 
furthermore suggests that 30% of the subjects affected by Parkinsonism have 
abnormally large Cu stores in tissues.  
Zinc oxide nanoparticles (ZnO NPs) are widely used in commercial products 
and knowledge of their fate and uptake is a high priority for environmental protection. 
Chapter 4 evaluates two possible routes of stable isotope tracing for ZnO nanomaterials. 
For this, the first high precision Zn isotope analyses of commercially available ZnO 
nanomaterials has been carried out, to investigate whether such materials exhibit isotope 
fractionations that can be exploited for tracing purposes. These measurements revealed 
Zn isotopic compositions (of δ66/64Zn = +0.28 to -0.31‰ relative to JMC Lyon Zn) that 
are indistinguishable from ‘normal’ natural and anthropogenic Zn in environmental 
samples. Stable isotope tracing therefore requires the application of ZnO nanoparticles 
that are purpose-made from isotopically enriched Zn. A detailed evaluation identified 
the most suitable and cost-effective labelling isotopes for different analytical 
requirements and techniques. It is shown that, using relatively inexpensive 68Zn for 
labelling, ZnO nanoparticles can be reliably detected in natural samples with a Zn 
background of 100 µg/g at concentrations as low as about 5 ng/g, if the isotopic tracing 
analyses are carried out by high precision mass spectrometry. It is also discussed that 
stable isotope tracing may be able to differentiate between the uptake by organisms of 
particulate ZnO and Zn2+ ions from the dissolution of nanoparticles. 
Chapter 5 investigates ZnO nanoparticle behavior using stable isotope tracing, in 
a multi-component system (organisms, sediment, water), fully characterized for 68ZnO 
NPs, bulk 68ZnO and soluble 68Zn, alongside unexposed controls. Zinc isotope 
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measurements using MC-ICP-MS enabled the sensitive detection of Zn derived from 
ZnO nanoparticles in the biological receptor Corophium volutator, sediment and water 
despite high and variable Zn background levels. Nanoparticle aggregation in the water 
samples (which mimic estuarine/coastal conditions) resulted in the precipitation of ZnO 
to the sediment. Subsequent dissolution of the nanoparticles released 12 times more 
Zn2+ ions than bulk ZnO. This allowed sorption of ions to sediment, which subsequently 
contained ~98% of the total 68Zn label that was employed in the exposure system. The 
unique combination of precise isotope analyses and bioimaging by scanning 
transmission electron microscopy (STEM), energy dispersive X-ray (EDX) 
spectroscopy and coherent anti-Stokes raman spectroscopy (CARS) demonstrated that 
Zn from ZnO nanoparticles was bioavailable at ecotoxicologically realistic exposure 
concentrations and strongly indicated uptake of dissolved Zn from both water and 
following sorption onto sediment particles for all exposures. In contrast, there was no 
evidence for ZnO uptake by C. volutator in (nano)particulate form. Insoluble zinc 
sphaerites with high sulfur content bioaccumulated in the hepatopancreas following all 
exposures, indicating that NP-derived Zn can be detoxified through normal 
physiological processes. 
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Chapter 2 
 
 
 
 
 
 
 
 
 
 
 
 
A new separation procedure for Cu prior 
to stable isotope analyses by  
MC-ICP-MS 
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2.1. Introduction 
 
 The measurement of stable 65Cu/63Cu isotope ratios in geological, biological and 
anthropogenic samples is of wide interest for research in Earth [Aseal et al., 2009; 
Fernandez & Borrok, 2009; Graham et al., 2004; Larson et al., 2003; Li et al., 2009; 
Vance et al., 2008], environmental [Balistrieri et al., 2008; Bilgalke et al., 2010; Borrok 
et al., 2008; Nolan et al., 2004; Weiss et al., 2008] and life sciences [Harvey et al., 
2005; Johnson, 1982; Lyon et al., 1996; Turnlund, 1998; Zhu et al., 2002]. Such Cu 
isotope studies utilize the technique of multiple collector inductively coupled plasma 
mass spectrometry (MC-ICP-MS) to obtain Cu isotope data with a precision of about 
±0.1 to 0.2 ‰ (2SD). These measurements require that Cu is separated from the sample 
matrix and an admixed element (generally either Ni or Zn) is utilized for correction of 
the instrumental mass bias by external normalization. A double spike procedure [Galer, 
1999; Rudge et al., 2009; Siebert et al., 2001] cannot be used for mass bias correction 
of Cu, as this element has only two stable isotopes (63Cu and 65Cu).  
 Previous work has shown that the separation of Cu from complex sample 
matrices for isotopic analysis is best accomplished by ion exchange techniques. 
Carefully optimized methods are required, however, to achieve both essential 
quantitative yields and a high purity for the Cu separate. The first requirement follows 
from the observation of significant Cu isotope fractionation during elution from ion 
exchange resins [Maréchal et al., 2002; Zhu et al., 2002] whilst the second is important 
to prevent spectral and non-spectral interferences that would be detrimental for the 
collection of accurate and precise isotopic data.  
 At present, the most commonly used method for the separation of Cu utilizes 
macroporous anion-exchange resin as Cu2+ is moderately retained on such resin at 
higher HCl concentrations. For the separation of Cu from diverse natural samples, the 
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samples are commonly dissolved in ~7 M HCl (containing small amounts of H2O2 to 
ensure that Cu is present as Cu2+) for loading onto the resin columns. The same acid is 
then used to first remove major matrix elements and then purified Cu2+ from the resin 
column [Archer & Vance, 2004; Borrok et al., 2007; Chapman et al., 2006; Maréchal et 
al., 1999]. This chromatographic separation is not perfect, however, and variable 
overlap between the elution of Cu and matrix elements is commonly observed, 
depending on sample size and type [Chapman et al., 2006]. In order to obtain Cu 
fractions, which are pure enough for accurate stable isotope analyses, it is therefore 
often necessary to adopt slight modifications to the elution procedure for different 
sample matrices and/or carry out a second column pass [Archer & Vance, 2004; 
Chapman et al., 2006].  
 Application of these methods for the separation of Cu from complex biological 
samples appears to be particularly problematic [Chapman et al., 2006]. This was 
confirmed by my own work, which showed that the application of these methods leads 
to a significant overlap of the Cu elution with matrix elements. As a result, Cu isotope 
analyses of biological samples are readily compromised by significant interferences at 
mass 63, due to relatively high amounts of Na producing 23Na40Ar+ in the plasma 
[Chapman et al., 2006; Lyon et al., 1999; Lyon & Fell, 1990; Peel et al., 2008]. Based 
on the experiences within the MAGIC Clean Laboratory at Imperial College London, it 
is often necessary to purify biological samples by at least two stages of ion exchange 
chromatography to obtain sufficiently clean Cu for isotopic analysis. Such multi-stage 
procedures, however, are time consuming, suffer from higher blank and are more 
readily compromised by loss of Cu during elution. 
 In this study, a novel ion exchange procedure has been developed for the 
separation of Cu from biological samples prior to stable isotope analyses. This 
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procedure utilizes differences in the affinity of Cu+ and Cu2+ to anion exchange resins, 
to enable a simple yet efficient separation of Cu from biological samples. 
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2.2. Experimental 
 
2.2.1. General procedures and materials 
 Sample preparation was performed in Class 10 laminar flow hoods in the Class 
1000 MAGIC Clean Room Laboratory at Imperial College London. For sample 
handling, Teflon Savillex vials were used throughout, unless otherwise stated. AnalaR 
grade HCl (6 M) and HNO3 (15.4 M) were purified by sub-boiling distillation in quartz 
stills.  These distilled acids, Omnipure 9 M HClO4 (Fisher Scientific) and 18 MΩ cm-1 
H2O (MilliPore) were used throughout this study. Care was taken when handling HClO4 
due to the harmful and potentially explosive nature of this acid. All handling was 
performed in an extraction hood, whilst evaporation of HClO4 was carried out in a 
specially adapted hood with an exhaust wash down system. Acid solutions that 
contained Suprapur H2O2 (stored below 5 °C) and L(+)-ascorbic acid (Acros Organics) 
were made freshly on the day of use, due to degradation of such solutions. Commercial 
solutions of Cu (Romil) and Ni (BDH) (dissolved in HNO3) were used as an in-house 
zero-delta Cu isotope reference material and for instrumental mass bias correction, 
respectively.  
 Foetal bovine serum (FBS) is used for preparing matrix-matched standards for 
trace element concentration measurements by quadrupole inductively coupled plasma 
mass spectrometry in health institutions. In this study, FBS from Selbourne Biological 
Services Ltd (UK) was applied to validate the performance of the Cu isotope analyses, 
using a stock matrix that was stored below -40 °C and which was defrosted at ~5 °C 12 
h prior to digestion. The Cu concentration of this serum was determined in the Trace 
Element Laboratory at Charing Cross Hospital. All due care was taken when handling 
biological material due to the hazardous nature associated with the potential for 
assimilation with the human body. 
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2.2.2. Sample digestion 
 Foetal bovine serum samples of 0.5 ml were digested with 4.5 ml 15.4 M HNO3 
and 3 ml 30% H2O2 at 210 °C, 250 psi for 90 min using a MARS Microwave Digestion 
System (CEM Corp., UK) with XP-1500 Plus™ (PTFE) vessels. A blank sample 
consisting of 0.5 ml 0.1 M HNO3 was digested with every batch of samples.  
 
2.2.3. Anion exchange separation 
 The anion exchange procedure for the separation of Cu from samples is 
summarized in Table 2.1. BioRad PolyPrep columns (i.d. = 8 mm) were first filled with 
2 ml pre-cleaned BioRad AG 1 X8, 200-400 mesh resin and the resin was then further 
cleaned with 0.1 M HNO3, conditioned with 2 M HCl and finally equilibrated with 0.01 
M HCl-0.02 M L(+)-ascorbic acid. Two hours prior to loading, dried sample digests 
were dissolved in 1 ml 0.01 M HCl-0.02 M L(+)-ascorbic acid at 50 °C for 1 h to ensure 
all Cu was present in the +1 oxidation state and then allowed to cool. The samples were 
then loaded and matrix elements eluted with 30 ml HCl-ascorbic acid, and 5 ml 6 M 
HCl. Following oxidation of Cu+ to Cu2+ with 6 M HCl-0.01% H2O2, clean Cu fractions 
were eluted in 0.1 M HNO3. 
 The Cu separates were collected, evaporated to dryness, re-dissolved in 1 ml 
15.4 M HNO3 and then refluxed at 160 °C for 3 h prior to drying at this temperature to 
remove easily oxidized organic material from remaining ascorbic acid and its 
degradation products. After this, within a specially adapted hood with an exhaust wash 
down system, the samples were refluxed with 1 ml 9 M HClO4 at 140 °C for 3 h, then 
225 °C for 24 h and evaporated to dryness at 225 °C to destroy more resistant organic 
material. These temperature steps were used to prevent over-reaction of the organic 
material with HClO4, due to the potentially explosive nature of the acid. Finally, the 
samples were refluxed and dried at 225 °C with 1 ml and then 2 drops of 15.4 M HNO3 
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Table 2.1. Anion exchange chromatography for the separation of copper from 
biological samples.  
Process Medium Volume (ml) 
Cu 
valency DV (Cu)  
     
Resin loading AG 1 X8, 200-400 mesh 2   
     
Cleaning 
 
0.1 M HNO3 
H2O 
10 
2   
     
Conditioning 2 M HCl 10   
     
Equilibration 0.01 M HCl – 0.02 M L-AA 4 x 2 +1 >480 
     
Sample loading 0.01 M HCl – 0.02 M L-AA 1 +1 >480 
     
Matrix elution 0.01 M HCl – 0.02 M L-AA 30 +1 >480 
 6 M HCl 5 +1 +2 
32 
~11 
     
Cu oxidation 6 M HCl – 0.01% H2O2 2 +2 ~11 
     
Cu elution 0.1 M HNO3 – 0.01% H2O2 15 +2 <1 
     
L-AA = L(+)-Ascorbic Acid. DV (Cu) = Volume distribution coefficient for Cu 
between the anion-exchange resin and acid (ml/ml), data from Korkisch [1989]. 	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to remove any remaining chloride ions. Prior to isotopic analysis, the samples were 
dissolved in an appropriate volume of 0.1 M HNO3 and doped with a dilute solution of 
Ni (~10 ppm) in 0.1 M HNO3, to obtain final concentrations of 50 ppb Cu and 250 ppb 
Ni.  
 A solution of Romil Cu (5 µg) dissolved in 1 ml 0.01 M HCl-0.02 M L(+)-
ascorbic acid and a pure solution of 1 ml 0.01 M HCl-0.02 M L(+)-ascorbic acid were 
also loaded onto the columns and processed alongside each batch of samples. For these 
solutions, the Cu fractions were also collected but this was achieved using 45 ml (rather 
than the “normal” 15 ml, Table 2.1) 0.1 M HNO3 + 0.01% H2O2. Furthermore, the 
subsequent acid treatments also used volumes that were three times larger than those 
applied for “normal” samples. After completion of the last evaporation step, BDH Ni 
(25 µg) was added to the Romil Cu, and both fractions were diluted to 100 ml with 0.1 
M HNO3. This procedure yielded (i) a solution of Romil Cu doped with Ni (50 ppb 
Romil Cu–250 ppb BDH Ni) that was the zero-delta reference material for the Cu 
isotope analyses of samples and  (ii) a wash solution that was applied for rinsing the 
MC-ICP-MS sample introduction system between analyses of different samples and 
standards. The procedure that was applied for the preparation of these solutions ensured 
that differences in the matrix between samples, standards and wash solutions were 
minimized as far as possible, with the objective of obtaining stable mass bias behaviour 
for accurate and precise collection of Cu stable isotope data. 
 
2.2.4. Mass spectrometry 
 All isotopic measurements were performed with a Nu Instruments NuPlasma HR 
MC-ICP-MS instrument at the MAGIC Laboratories of Imperial College London using 
operating conditions summarized in Table 2.2. Sample introduction utilized a Nu 
Instruments DSN desolvator system that was used with glass MicroMist nebulisers at 
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Table 2.2. Operating conditions for the Nu Plasma MC-ICP-MS and the DSN 
desolvating nebulizer system. 
Nu Plasma MC-ICP-MS  
Acceleration voltage ~6000 V 
Mass resolution (M/ΔM) ~400 
Rf power 1300 W 
Coolant Ar 13 l min-1 
Auxiliary Ar 1 l min-1 
Faraday cup resistors 1011 Ω 
Sensitivity for Cu and Ni ~100 V ppm-1 
Transmission efficiency for Cu, Ni ~0.05% 
DSN nebulizer system  
Argon sweep gas ~3 l min-1 
Hot gas ~0.2 l min-1 
Nebulizer pressure ~30 psi 
Sample uptake rate ~100 µl min-1 
 
 
 
Table 2.3. Major molecular and double charged ion interferences that may be 
problematic for biological samples and the Ni, Cu isotopes of interest. 
Element Mass Interferences 
   
60 23Na37Cl +, 24Mg36Ar+, 44Ca16O+ 
  Ni 
62 23Na216O+, 24Mg38Ar+, 26Mg36Ar+, 31P2+, 46Ti16O+ 
   
63 23Na40Ar+, 25Mg38Ar+, 26Mg37Cl+, 31P16O2+, 47Ti16O+ 
  Cu 
65 25Mg40Ar+, 32S33S+, 33S16O2+, 49Ti16O+, 130Ba2+ 
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flow rates of ~100 µl min-1 (Table 2.2).  
 The Cu isotope analyses were carried out by static multiple collection with five 
Faraday cups to monitor masses 60, 61, 62 (for Ni), and 63, 65 (for Cu). Data 
acquisition involved three blocks of 20 integration of 5 s each and electronic baselines 
of 15 s were measured prior to each block, whilst the ion beam was deflected in the 
electrostatic analyzer. Instrumental sensitivities of about 90-100 V ppm-1 were routinely 
achieved for Cu and Ni (Table 2.2).  
 Instrumental mass bias corrections for the measured 65Cu/63Cu isotope ratios 
were performed using admixed Ni and a combination of the exponential law and 
standard sample bracketing, as described by Nielsen et al. [2004]. For this, the 
exponential law was used to mass bias correct the 65Cu/63Cu ratios that were acquired in 
each measurement, relative to 62Ni/60Ni. The corrected Cu isotope data obtained for a 
sample were then compared with the average 65Cu/63Cu ratio obtained for the Romil Cu 
solution, based on at least one measurement conducted immediately before and after the 
sample analysis. A δ65Cu value was then calculated to denote the relative difference of 
the results in ‰: 
  
 
     [2.1] 
 
€ 
∂ 65Cu =
65Cu 63Cu( )Sample
65Cu 63Cu( )Romil
−1
⎡ 
⎣ 
⎢ 
⎢ 
⎤ 
⎦ 
⎥ 
⎥ 
 ×  1000
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2.3. Results and discussion 
  
 The following sections describe the efforts undertaken to ensure that the new Cu 
separation method is suitable for the acquisition of accurate and precise Cu isotope data 
for biological samples. 
 
2.3.1. Anion exchange separation 
 A particular advantage of the new separation is that cationic elements that can 
produce problematic molecular interferences (Table 2.3) and/or which could occur at 
high concentrations in biological materials (e.g., K, Mg, Ca, Ti, Fe) all have distribution 
coefficients (D) of <1 for AG-1 anion exchange resin when present in 0.01 M HCl. In 
contrast, Cu(I) displays a D value of >480 for this system [Korkisch, 1989]. This large 
difference in distribution coefficients allows complete elution of the sample matrix 
whilst Cu is strongly retained on the resin, as long as a holding reductant ensures 
complete reduction to Cu+. As such, the new procedure allows a better and more 
straightforward separation of Cu from biological samples than previously published ion 
exchange methods, which do not utilize the high D values of Cu(I) but only feature 
Cu(II). 
 The disadvantage of the new approach is that complete reduction of aqueous 
Cu2+ to Cu+ must be achieved using reagents that are compatible with the ion exchange 
technique. The choice of holding reductant is not straightforward as (i) quantitative 
yields must be achieved for Cu; (ii) the reductant must be of sufficient purity so as not 
to significantly increase the Cu blank; and (iii) the reagent must be readily separable 
from Cu so that it does not generate spectral interferences or matrix effects in the 
isotopic analyses.  
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 The application of gaseous SO2 dissolved in acid was investigated for reduction, 
as this was used previously with success to reduce Tl(III) to Tl(I) on anion exchange 
resin [Nielsen et al., 2004, 2006]. Application of SO2, however, was associated with 
low Cu yields following ion exchange separation, presumably due to incomplete 
reduction of Cu2+ to Cu+ in the sample solutions. In contrast, the use of L(+)-ascorbic 
acid was found to be straightforward in application and effective in terms of Cu yield.  
 The main problem in the application of ascorbic acid as the reducing agent is the 
separation of the reagent from Cu, so that the ion exchange procedure gives a highly 
pure Cu fraction that does not produce erratic matrix effects during isotopic analyses. 
To achieve this goal, the preferred elution protocol involves matrix elution with 30 ml 
of 0.01 M HCl to which ascorbic acid is added as holding reductant. Following this, the 
resin is rinsed with 5 ml 6 M HCl and 2 ml 6 M HCl-H2O2 (Table 2.1). A number of 
calibration experiments showed that these were the maximum rinse volumes that could 
be safely used, without causing premature elution of Cu. The addition of H2O2 to the 6 
M HCl and 0.1 M HNO3 that are used prior to and for the elution of Cu (Table 2.1) 
ensures that all Cu+ is oxidized to Cu2+, which is then readily eluted from the resin.  
 In spite of the 6 M HCl rinses that are applied before the elution of Cu (Table 
2.1), residual traces of ascorbic acid (and/or its degradation products) were found to be 
present in the Cu fraction. To prevent problematic matrix effects during the isotopic 
analysis, it is therefore imperative that the organic matter is either removed or destroyed 
prior to the isotope measurements. A number of trials showed that near-quantitative 
removal of ascorbic acid by oxidation is most reliably achieved by drying down with 
HClO4, whilst application of concentrated HNO3 or H2SO4 was found to be inadequate.  
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2.3.2. Copper yields and blanks 
 Sample recovery must be 100% for the ion exchange separation procedure, as 
Cu isotopes are readily fractionated on ion exchange resins [Maréchal et al., 2002; Zhu 
et al., 2002]. To determine the yield of the procedure, the Cu content of Cu fractions 
was precisely measured with the aid of Cu/Ni ratios. For this, mixed Cu-Ni standard 
solutions with 250 ppb Ni and 0, 30, 50, and 100 ppb Cu were prepared gravimetrically 
to give variable Cu/Ni ratios (x axis, Fig. 2.1) and the 65Cu/60Ni ratios (y axis, Fig. 2.1) 
of these solutions were measured by MC-ICP-MS. The calibration line defined 
(typically with an r2 value of better than 0.9996) was then used to determine the Cu/Ni 
ratio of sample solutions that were doped with 250 ppb of Ni, based on the 65Cu/60Ni 
ratio measured. This procedure was applied to both pure metal reference solutions and 
FBS samples with known Cu concentrations, which were processed through the column 
separation technique and all analyses confirmed yields of 100 ± 2%. 
 The quantitative Cu yields were further corroborated by analyses of the 
combined “matrix elution” and “Cu oxidation” fractions (Table 2.1) that were collected 
for a sample of FBS. The Cu content of this solution was analyzed by quadrupole-ICP-
MS at the Natural History Museum, London by monitoring 65Cu. This measurement 
revealed that the solutions contained no Cu for a detection limit of 0.03 ppb, which 
includes any uncertainties from the formation of 25Mg40Ar+ (Table 2.3). This result 
demonstrates that the “early” elute fractions hold no more than 1-2% of the total Cu 
budget of the respective sample. 
 A prerequisite for any technique of trace metal isotope analysis is that it features 
blank levels, which are low or insignificant in comparison to the initial analyte content 
of the sample. A total of five blank samples were processed and analyzed during the 
course of this study and yielded an average total procedural blank of 0.2 ± 0.1 ng for 
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Figure 2.1. Calibration line that was used to determine the Cu yields of the ion 
exchange separation procedure. Several mixed gravimetric Cu-Ni standard solutions 
with variable Cu/Ni ratios (1) were analyzed by MC-ICP-MS for the determination of 
65Cu/60Ni (2) and these data define the slope of the calibration line (3). Sample solutions 
were then analyzed to determine 65Cu/60Ni (4), and these results can be translated into 
(gravimetric) Cu/Ni ratios using the calibration line (5). The Cu content of a sample 
solution can then be calculated, as the concentration of the admixed Ni is known.  
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Cu, which is equivalent to less than 0.3% of the indigenous Cu of the samples analyzed 
during this study.  
 
2.3.3. Spectral interferences 
 Two isotopes each of Cu and Ni are monitored in this study for the acquisition 
of mass bias corrected 65Cu/63Cu isotope ratios. Whilst these four isotopes are not 
isobaric to any other stable isotopes, their measurement can be impeded by a number of 
other spectral interferences that may form from elements that can be present at 
relatively high concentrations in biological materials (Table 2.3). A number of 
measurements were therefore conducted on the Cu fractions isolated from the FBS 
samples to ascertain that elements which can form problematic spectral interferences are 
either essentially absent (i.e., present at background concentration levels) or present at 
negligible concentrations. 
 For this, mass scans were carried out to check for the presence of Na, Mg, S, P, 
Ti and Ba in the sample solutions. All relevant, potentially interference-forming 
isotopes (Table 2.3) were found to be present at only negligible levels, with the 
exception of 23Na. However, based on a typical 23Na40Ar+ formation rate of less than 
0.03% (as determined from analyses of pure Na solutions), the levels of Na present in 
the FBS samples were too low to alter the measured δ65Cu values by more than 0.01‰, 
which is insignificant. In addition, mass scans were also carried out at a higher mass 
resolution in the vicinity of the 60Ni, 62Ni, 63Cu and 65Cu peaks obtained for the Cu 
separates of FBS samples. These scans utilized a mass resolution (M/ΔM) of about 
4000, which is sufficient to at least partially resolve all interferences listed in Table 2.3, 
and they revealed no significant presence of peaks from interfering species. 
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2.3.4. Accuracy and reproducibility obtained for standard solutions 
 An efficient technique for the mass bias correction of the measured 65Cu/63Cu 
isotope ratios is important to facilitate the acquisition of precise and accurate δ65Cu 
values for samples. In the early stages of this study, both the use of admixed Zn and Ni 
were tested for instrumental mass bias correction of Cu as both methods have been used 
with success in previous Cu isotope studies [Archer & Vance, 2004; Aseal et al., 2007; 
Borrok et al., 2007; Chapman et al., 2006; Ehrlich et al., 2004; Jackson & Günther, 
2003; Li et al., 2009; Maréchal et al., 1999; Markl et al., 2006; Peel et al., 2008; Zhu et 
al., 2000]. The analyses, conducted over a period of more than 3 months, confirmed 
that, in principle, both elements are suitable for precise Cu isotope data acquisition. The 
use of Ni was preferred in this study, however, as its application (i) is more robust 
because Ni is less susceptible to contamination than Zn and (ii) was also found to 
consistently provide slightly more precise mass bias corrected Cu isotope data for 
standard solutions. This conclusion is in accordance with the results of a number of 
other recent Cu isotope investigations [Aseal et al., 2007; Ehrlich et al., 2004; Jackson 
& Günther, 2003; Li et al., 2009; Markl et al., 2006]. 
 In addition, multiple analyses were also performed over a period of three months 
to investigate whether the mass bias correction of the measured 65Cu/63Cu ratios is best 
carried out using 62Ni/60Ni or 61Ni/62Ni. These measurements showed that both Ni 
isotope ratios can provide precise Cu isotope data. The use of 62Ni/60Ni was preferred 
during the course of this study, however, because the Cu results were in general 
marginally more precise and as 60Ni and 62Ni were found to be consistently free of 
spectral interferences in the Cu fractions of the FBS samples.  
 Repeated analyses of solutions prepared from “unprocessed” zero-delta Romil 
Cu isotope standard yielded a δ65Cu value of +0.2‰, when measured relative to the 
same Romil Cu that had “processed” through the anion exchange chemistry summarized 
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Table 2.4. Cu isotope data obtained for pure standard solutions and biological samples.  
Sample Standard n δ
65Cu 
(‰) 
2SD  
(‰) 
     
50 ppb Romil Cu (AEC) 50 ppb Romil Cu (AEC) 22 0.00 ± 0.04 
     
50 ppb Romil Cu 50 ppb Romil Cu (AEC) 5 a 0.20 ±0.04 
     
50 ppb NIST 976 Cu (AEC) 50 ppb Romil Cu (AEC) 4 b 0.21 ±0.07* 
     
50 ppb NIST 976 Cu 50 ppb Romil Cu 5 a 0.20 ±0.08 
     
Foetal Bovine Serum (FBS) 50 ppb Romil Cu (AEC) 3 1.30 ±0.15* 
     
FBS Matrix – 50 ppb Romil Cu 50 ppb Romil Cu (AEC) 3 0.00 ±0.08* 
     
 
All analyses were carried out with mixed Cu-Ni solutions that contained 250 ppb Ni. 
AEC = denotes solutions that were processed through the anion exchange chemistry 
summarized in Table 1. n = number of individual analyses. * the quoted precision 
denotes the deviation of the individual results from the given mean value. 
a the results are based on n repeated analyses of a single Cu-Ni solution. b results are 
based on data obtained for n samples that were individually passed through the ion 
exchange chromatography. c results are based on data obtained for n samples from a 
single digest but that were processed separately through the column chemistry. 
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in Table 2.1 (Table 2.4). This offset probably reflects minor matrix effects from either 
traces of HClO4 or residual ascorbic acid and/or resin material (and their degradation 
products) [Shiel et al., 2009]. In order to account for this offset, the sample analyses are 
best conducted relative to a zero-delta reference solution, which has been processed 
through the anion exchange separation that is applied to samples. This solution is then 
used as the bracketing zero-delta standard during sample analyses. The application of 
this approach is validated by a number of results. Firstly, the offset of δ65Cu = 0.2‰ 
was obtained for analyses of (i) unprocessed standard reference material NIST 976 Cu, 
which served as a secondary standard, relative to unprocessed Romil Cu and (ii) 
processed NIST 976 Cu relative to processed Romil Cu (Table 2.4). 
 The reproducibility of the methods was investigated using standard solutions in 
various ways. Multiple analyses of the Romil Cu standard that were evaluated using 
standard-sample bracketing provide a precision of ±0.04‰ (2SD), regardless of whether 
the “sample” was unprocessed or processed through the ion exchange separation  (Table 
2.4). Furthermore, multiple analyses of NIST 976 Cu relative to Romil Cu were found 
to display a precision of approximately ±0.07‰, again regardless of whether the NIST 
976 Cu sample was processed through the column chemistry or not. In summary, these 
results demonstrate that these new techniques can provide δ65Cu data for pure standard 
solutions that have a precision of about ±0.05‰. 
 
2.3.5. Accuracy and reproducibility obtained for samples 
 Further experiments were carried out to validate that the method can deliver 
accurate and reproducible Cu isotope data not only for Cu reference solutions, but also 
for matrix-rich biological samples. 
 In order to test the performance of the method for biological samples, three 
aliquots of the FBS reference material were processed with the new technique and the 
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Cu isotope compositions analyzed. The δ65Cu data obtained for these samples display a 
reproducibility of ±0.15‰, based on the deviation of the individual measurements from 
the mean result (Table 2.4).  
 To test the accuracy of the method, the “matrix elution” fractions (Table 2.1) 
from the Cu column chemistry of the FBS samples were collected, doped with about 50 
ng Romil Cu, dried down and then processed again through the chromatographic 
procedure. Importantly, these analyses yielded a result of δ65Cu = 0.00 ± 0.08‰, which 
is identical to the expected value of δ65Cu = 0 (Table 2.4) and this demonstrates that the 
method can provide accurate results for biological samples. Furthermore, the precision 
obtained for these analyses is similar to the reproducibility determined for multiple 
analyses of the FBS samples, and only slightly worse than the precision that was 
determined for multiple analyses of standard solutions (Table 2.4). This indicates that 
the new methodology can provide Cu isotope data with a precision of about ±0.10‰ for 
biological samples. Previous work has shown that biological samples have δ65Cu values 
that vary by about 3‰, with published results that range from -2.13‰ to +0.62‰ 
relative to NIST 976 Cu isotope reference materials [Maréchal et al., 1999; Zhu et al., 
2002], therefore this method is suitable for the resolution of small natural Cu stable 
isotope effects. 
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2.4. Conclusion 
 
 A novel ion exchange method for the separation of Cu from biological materials 
prior to isotopic analyses has been developed. This procedure makes use of the differing 
affinity of Cu+ and Cu2+ to anion exchange resin. In this technique, Cu+ is first retained 
on the anion exchange resin whilst the matrix is comprehensively eluted. The univalent 
Cu is then oxidized to Cu2+ on the resin and a clean Cu fraction is collected at a defined 
elution volume. A number of calibration experiments were carried out. These 
demonstrate that the method provides quantitative Cu yields and effectively isolates Cu 
from elements that may produce problematic spectral interferences. In addition, it is 
shown that the method is suitable for Cu stable isotope analyses of biological materials 
with a precision of about ±0.10‰.  
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Chapter 3 
 
 
 
 
 
 
 
 
 
 
 
 
High precision isotope measurements 
reveal poor control of copper 
metabolism in Parkinsonism 
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3.1. Introduction 
 
Parkinsonism (formerly Parkinson’s disease, PD) is a neurodegenerative 
disorder that is typically recognized by movement related symptoms, and it affects 
approximately 120, 000 people in the UK at one time, with 10, 000 new cases per 
annum [NHS, 2012]. The condition propagates from the loss of dopaminergic cells in 
the substantia nigra, which is responsible for transmission of signals from the brain to 
the central nervous system, due to oxidative stress [Jenner, 2003; Zhang et al., 2000]. 
Ceruloplasmin (CP), a key enzyme in handling oxidative stress, contains 95% of blood-
based Cu, is responsible for the delivery of Cu to cells for function and is involved in 
the synthesis pathway of dopamine [Vassiliev et al., 2005]. The most significant Cu 
metabolic disorders, which include Wilson’s Disease, wherein Cu is not incorporated 
into CP [Roberts & Schilsky, 2008], are known to result in neurodegeneration [Cerpa et 
al., 2005]. In addition, the role of the Cu metabolism in neurodegenerative disorders, 
such as Alzheimer’s disease, vascular dementia, and PD, has been investigated (e.g., 
Arnal et al. [2010], Cerpa et al. [2005], Tórsdóttir et al. [1999], Zatta & Frank [2007]), 
and correlations of certain Cu metabolic aspects are observed with these conditions. It 
has been established that Cu homeostasis in PD is altered, however, the particular role 
of Cu in the propagation of PD is still debated (e.g., Arnal et al. [2010], Tórsdóttir et al. 
[1999]).  
The difference in the Cu metabolism of PD patients in comparison to healthy 
control subjects is not significant enough to be determined through regular hospital 
methods, such as those used for Wilson’s disease (e.g., plasma CP concentrations; 
Roberts & Schilsky [2008]). Stable isotope labels, however, enable trace element 
metabolisms to be determined whilst avoiding the restrictions of half-life decay and 
health risks associated with radioactive tracers. The characterisation of the human Cu 
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metabolism using stable isotope labels is well documented (e.g., August et al. [1989], 
Buckley et al. [1996], Harvey et al., [2005], King et al. [1978], Lönnerdal, [2008], 
Turnlund, [1998], Turnlund et al. [1989, 1998, 2005]). For this, a stable isotope label of 
either 65Cu or 63Cu at ~99% enrichment is administered to subjects. Samples of hair, 
blood, urine and/or feces are collected and then analysed to determine the Cu-label 
concentration, most commonly by quadrupole-ICP-MS. A typical healthy Cu metabolic 
profile for a time period of about four days is shown in Fig. 3.1. This profile, which is 
based on a morning administration of Cu, exhibits four main features: (i) the absorption 
of the administered Cu via the gut into the blood, (ii) the transfer of Cu into the liver, 
(iii) a resting period in the metabolism that coincides with sleep at the end of day 1, and 
(iv) the formation of ceruloplasmin in the liver and subsequent expulsion into the blood 
for delivery to cells. 
The resolution at which the Cu metabolism can be determined has been 
restricted, however, by the (lack of) precision for obtaining the required 65Cu/63Cu 
isotope ratios. Using quadrupole-ICP-MS, this ratio can be determined with a precision 
of, at best, about ±1% (2SD) [Jarvis et al., 1992; Lyon et al., 1996; Lyon & Fell, 1990; 
Ting & Janghorbani, 1987; Yip et al., 2009], and this is insufficient to resolve 
differences between the metabolism of healthy subjects and PD patients. Novel mass 
spectrometric techniques developed in earth and environmental sciences, however, can 
be utilised to obtain significantly more precise isotope ratios data [Rehkämper et al., 
2001]. Furthermore, a new method for separating Cu from biological sample matrices 
[Larner et al., 2011] has enabled accurate isotopic analyses with multiple-collector 
inductively coupled plasma mass spectrometry (MC-ICP-MS), and this combined 
methodology can be used to determine 65Cu/63Cu isotope ratios to a precision of ±0.1‰ 
(2SD). Importantly, such data are anticipated to be sufficiently precise to resolve a 
deviation in Cu metabolism for those with PD. 
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Figure 3.1. Schematic diagram of metabolic changes in blood serum Cu 
concentration with time for four days after a morning administration of Cu. Four 
major metabolic features are apparent: (1) the absorption of Cu via the gut into the 
blood, (2) the transfer of this Cu into the liver, (3) a resting period in metabolism 
which coincides with sleep at the end of day 1, and (4) the formation of ceruloplasmin 
by the liver and subsequent expulsion into the blood for delivery to cells. 	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 To average the effects of natural variation in the human metabolism, it is 
important that a large number of subjects and samples are required for medical studies, 
so that statistically significant and sound conclusions can be made. High precision 
isotope measurements however, are extremely time-consuming and this conflicts with 
the large number of samples that need to be analysed to verify a medical hypotheses. 
For this reason, here I present the results of a smaller pilot study, which aims to identify 
if differences indeed exist in the Cu metabolism of healthy subjects compared to those 
with PD. This study involved oral administration of a 65Cu tracer, subsequent collection 
of blood samples for up to four days and Cu isotope analyses of the blood serum at high 
precisions by MC-ICP-MS. The results of this work can be used to investigate whether 
a rigorous full-scale study of the Cu metabolism in PD patients is warranted.  
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3.2. Experimental 
  
3.2.1. Subjects 
Following approval by the Research Ethics Committee, 10 PD patients and 10 
healthy control subjects were recruited for the study (Tables 3.1, 3.2). Ten patients with 
PD were selected based on either their serum Cu and/or CP being at or below the lower 
end of the reference range of blood serum Cu concentrations (<14 µmol L-1) and CP 
contents (<0.25 g L-1), as determined in a prior screening involving 100 PD patients. 
Ten healthy control subjects were obtained from the partners or carers of the PD 
patients (n=5) and members of staff from the investigating departments (n=5). Subjects 
were excluded or not considered for the study for the following reasons: (a) age <18 
years; (b) pregnancy; (c) on an oral contraceptive; (d) on oral corticosteroids; (e) 
chronic inflammatory disease; (f) gastrointestinal disease; (g) diabetes mellitus; (h) 
malignancy; (i) renal disease; or (j) use of nutritional supplements. Subjects were asked 
to refrain from use of nutritional supplements for at least 4 weeks before investigation.  
 
3.2.2. Clinical sampling 
Following an overnight fast from midnight, an oral dose of 65Cu (3 mg, Trace 
Sciences International) was administered in 100 ml water.  Blood samples were taken at 
baseline, at 20, 40, 60, 90, 120, 150, 180 and 240 min on day one and then 
approximately 24, 48 and 72 h post 65Cu administration via peripheral vein cannulation. 
Trace element free tubes (BD Vacutainer with Na heparin) were used for blood 
collection. Samples were centrifuged to separate the red blood cells from the blood 
serum, and the serum retained for isotope analysis. Blood serum samples were kept at 
approximately -40 ºC until use.  
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Table 3.1. The demographics and body mass indices (BMI) of the PD patients and 
healthy control subjects. 
 
 Gender 
Age (years) 
mean (range) 
BMI (Kg m-2) 
mean (range) 
    
PD 10M 60.7 (42.1-71.0) 25.5 (20.0-30.9) 
Controls 6M, 4F 60.1 (35.5-83.0) 25.7 (18.9-29.0) 
 
 
 
Table 3.2. Clinical characteristics of the PD patients. 
 
Subjects 
study no. 
Age 
(years) 
Disease 
duration 
(years) 
H&Y 
stage 
Disease 
subtype 
LED 
(mg) 
      
4 62.4 10 1 TDPD 380 
5 60.0 8 3 PIGD 1067 
6 65.3 14 2 TDPD 450 
7 55.7 2 1 Mixed 50 
8 70.3 1 3 PIGD 150 
9 64.9 4 2 Mixed 200 
10 60.5 5 1 TDPD 80 
12 71.0 7 2 PIGD 700 
13 55.1 4 2 Mixed 121 
14 42.1 3 1 TDPD 0 
H&Y: Hoehn & Yahr Score [Goetz et al., 2004], widely used to characterise PD 
progression; TDPD: tremor dominant PD, PIGD: postural instability, gait disorder 
variant of PD, mixed: mixed (indeterminate) PD [Burn et al., 2006]; LED: daily 
levodopa equivalent dose [Tomlinson et al., 2010]. 	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3.2.3. Sample analysis 
Sample preparation and analysis was performed in Class 10 laminar flow hoods 
in the Class 1000 MAGIC Clean Room Laboratory at Imperial College London. Blood 
serum samples (0.5 ml) were digested in a MARS Microwave Digestion System (CEM 
Corp., UK) with 4.5 ml 15.4 M HNO3, and 3 ml 30% H2O2, at 210 °C, 250 psi for 90 
mins. Digested samples were then dried in Savillex Teflon vials, dissolved in 5 ml 0.1 
M HNO3 and stored in clean HDPE Nalgene Bottles. Sample aliquots of 2 ml of this 
solution were used per analysis. The hazardous nature of biological fluids due to the 
potential assimilation with the human body requires special handling procedures. 
Protective gloves were used at all times and all waste disposed of via proper biomedical 
routes. The Cu was separated from these solutions and prepared for isotopic ratio 
analysis using the method of Larner et al. [2011]. The use of perchloric acid in this 
method requires particular safety considerations due to the potentially harmful and 
explosive nature of the acid. All handling was performed in an extraction hood, whilst 
HClO4 evaporation was carried out in a specially adapted laminar flow hood with an 
exhaust wash down system. The total Cu concentrations and isotopic composition of 
samples were determined using a NuPlasma HR MC-ICP-MS instrument, with 
conditions and parameters as previously described [Larner et al., 2011]. The 65Cu tracer 
concentration of each sample was determined using calculations analogous to those 
presented in Larner & Rehkämper [2012]. Values are reported as ∂65Cu, which is the 
change in 65Cu/63Cu ratio in parts per thousand (‰), relative to the isotopic composition 
of reference material ‘Romil Cu’ (Eqn. 3.1). By definition, ∂65Cu Romil = 0 ‰. 
 
     [3.1] 
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65Cu 63Cu( )Romil
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3.2.4. Kinetic analysis 
The 65Cu tracer concentration and total Cu concentration data of the blood serum 
samples, as determined by MC-ICP-MS, were input into the SAAMII (SAAM Institute 
Inc., Seattle, USA) program [Barrett et al., 1998] to construct a compartmental model of 
the Cu metabolism (Fig. 3.2), based on one developed in a previous human study 
[Harvey et al., 2005]. The model compartments are a theoretical construct, which 
represent discrete amounts of Cu that behave identically and may combine several 
physical spaces in a system [Dainty, 2001]. A model can be viewed as a hypothesis to 
be tested against experimental data and the structure of the model is then altered until a 
satisfactory fit to the data is obtained. Transfer of Cu between compartments is 
represented by k(i,j), which are defined as the fraction of compartment “j” moving into 
compartment “i” per unit time. The amount of Cu being transferred per day is given by 
the flux (Eqn. 3.2).  
 
Flux (µg d-1) = Cu (j) x k(i,j)        [3.2] 
 
Parameters in the model were given initial estimates consistent with published 
data on human copper metabolism [Harvey et al., 2005]. The software allows the 
parameters to vary during the fitting process until a minimum of the objective function 
is reached. The mean and standard deviation of the parameters is then returned.  
For this study, it was assumed that within the time frame of the experiment, 
none of the oral isotope would have been incorporated into bone and subsequently 
released and returned to the accessible compartment (plasma) [Harvey et al., 2005]. The 
final model structure was determined by a process of trial and error, but with the 
guiding principle that the data is best described with the fewest compartments. The final 
model parameters are non-uniquely identifiable, as there is more than one but a finite 
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number of solutions. Several compartmental structures were attempted based on the 
known physiology and metabolism but the final structure (Fig. 3.2) was chosen because 
it captured most of the known features of Cu metabolism with the minimum standard 
deviation on the parameters. The mass of Cu in each compartment was estimated by 
using SAAMII in “system” mode with an exogenous input into the gut compartment 
equivalent to an estimated daily intake from the diet (1.0 mg Cu d-1). 
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Figure 3.2. Compartment model of the human Cu metabolism that was applied to 
investigate the Cu isotope profiles determined for both PD patients and healthy 
subjects in this study. The compartments are labelled arbitrarily by the SAAMII 
program, with no relationship between compartment label and size of compartment. 
Transfer rates of Cu between compartments are represented by k (i, j), which is 
defined as the fraction of compartment “j” moving into compartment “i” per unit time 
(d-1). 
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3.3. Results and discussion 
 
3.3.1. Precision of isotope measurements 
 The typical precision obtained for isotopic analyses of the Romil Cu reference 
material that were carried out alongside sample measurements was ± 0.15‰ (2SD, 
n=26). It was observed during method development that insufficient removal of 
perchloric acid from the samples could lead to an apparent shift in δ65Cu of up to 
+0.6‰, whereas insufficient removal of ascorbic acid produced a similar offset in the 
negative direction. These matrix effects were monitored by assessment of the mass 
fractionation factors of the samples, relative to the reference material and no significant 
shifts in mass bias were observed. However, a conservative uncertainty of ± 0.6‰ was 
applied to all samples as a cautionary measure. This uncertainty still allows the 
metabolic profiles of individuals to be resolved, and is significantly superior to the ±1 to 
2% reproducibility (2SD) that is typical for measurements conducted by quadrupole 
ICP-MS (Fig 3.3).  
 
3.3.2. Isotopic tracing of the Cu metabolism 
The isotope ratio profiles that were measured for each participant demonstrate 
changes in the blood serum 65Cu/63Cu ratio over time (Fig 3.4) that result from the 
absorption and metabolisation of the administered 65Cu tracer. Metabolic profiles are 
generally displayed in terms of absolute tracer concentrations versus time. However, the 
conversion of the isotopic data to concentration introduces additional uncertainties, 
which arise from the initial weight (or volume) of sample and any subsequent dilutions. 
As the isotope ratio of a sample is conserved during sample preparation because 100 % 
yields are generally achieved [Larner et al., 2011], the metabolic profiles of the 
individuals are directly comparable, without requiring knowledge of initial sample size. 
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Figure 3.3. Diagrams that compare the precision of Cu isotope data achieved in 
this study using MC-ICP-MS with the results acquired by quadrupole-ICP-MS. 
(a) The uncertainties of ±0.6‰ (2SD) or better that can be obtained using MC-ICP-
MS allows individual Cu metabolic curves to be resolved and the temporal position of 
peaks to be clearly defined. (b) and (c) Cu isotope analyses by conventional 
quadrupole-ICP-MS, the ∂65Cu data have an uncertainty of about ±1 to 2% (2SD). 
With error bars of ±1%, peaks in the metabolic curves cannot be defined with 
meaningful certainty (b), whilst there is also a lack of distinction between the profiles 
of individual subjects (c). 
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Figure 3.4. Metabolic isotope profiles of all subjects. Values are reported as the 
change in 65Cu/63Cu ratio in parts per thousand, relative to the isotopic composition of 
reference material ‘Romil Cu’ (by definition, δ65Cu Romil = 0 ‰). Reproducibility was 
routinely ≤ 0.6‰ (2SD), and subsequently uncertainty is encompassed by the width of 
the line. A large variability in the profiles is seen for PD patients relative to controls. 
An initial peak that corresponds to absorption of Cu by the gut, is observed at t = 20 
mins for all subjects. A second rise is observed for all PD subjects, which indicates 
that none suffer from Wilson’s disease, despite low CP blood serum contents. Note the 
log scale for the time-axis, which highlights the subtle yet significant differences in 
the early metabolic profiles that are used for the kinetic modelling. 
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In the following, the discussion of the data is based on the visual comparison of the 
time-resolved δ65Cu profiles, whilst the concentration data are used for the kinetic 
modelling. 
The most striking difference that the metabolic profiles exhibit is the greater 
variation shown by the PD subjects in relation to the controls. The initial peak in each 
profile is caused by absorption of 65Cu by the gut and transfer to the bloodstream. 
Notably for 90 % of the PD patients, this first peak in ∂65Cu profiles, which traces high 
65Cu contents in blood serum, lies astride the narrow band of results seen for controls 
(Fig 3.4). In particular, the PD subjects exhibit higher peak ∂65Cu values, equivalent to 
higher 65Cu concentration in serum and hence more efficient absorption in the gut, 
towards the beginning of the absorption period (at t ≈ 20 min), whilst they have lower 
values towards the end of the absorption period at about 240 min. 
Both high and low CP concentrations in PD patients have been reported for PD 
patients in different studies [Arnal et al., 2010], the latter leading to hypotheses of a link 
between PD and Wilson’s disease [Johnson, 2001]. A second rise of 65Cu label in the 
serum, indicating formation of CP and the incorporation of Cu into this enzyme, was 
observed for all 20 subjects (Fig. 3.4). This eliminates the possibility of Wilson’s 
disease in these subjects and consequently as a reason for reduced CP values observed 
in the initial patient screening. 
The metabolic isotope profiles reflect that it is not useful to compare PD patients 
and controls simply using average values. Rather, the variability in subjects must be 
taken into account, and this suggests that the differences in Cu metabolism are probably 
not caused by one factor alone. A distinct feature is the diversion of one control subject 
from the narrow band of values that is displayed by other controls. This subject has a 
late, but relatively pronounced initial ∂65Cu peak from absorption and the highest final 
∂65Cu value, indicating an unusually elevated 65Cu concentration in the serum, 
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presumably due to exaggerated CP formation. This control is the eldest subject of the 
study overall and therefore may be displaying a change in Cu metabolism related to age 
or an undeclared condition. Based on this, a strong argument can be made for 
eliminating this subject from the control group. The number of subjects that are 
investigated in this pilot study is insufficient, however, to support such elimination on 
statistical grounds. A larger scale study would be needed to determine if the Cu 
metabolism of this control subject is anomalous, or within the normal range of healthy 
values. 
 
3.3.3. Compartmental modelling of the Cu metabolism 
The compartment model, developed from previously established Cu metabolic 
studies [Harvey et al., 2005], was applied to the metabolic profiles of the subjects to 
determine if any particular processes are responsible for the variations exhibited (Fig. 
3.4). This model estimates Cu stores in the major tissues of the body known to 
contribute to the Cu metabolism, and the transfer rates (fluxes) of Cu between these 
compartments (Fig 3.2) based on empirical fitting of the modelled metabolic curves to 
the measured results. For each of these parameters the mean, median, standard deviation 
and range were determined for both PD patients and controls (Table 3.3). 
The model results reflect the metabolic variability between the two groups, 
which is also observed directly in the isotope profiles of Fig. 3.4. In particular, the PD 
patients generally exhibit a larger range and/or a greater standard deviation for each 
respective value that is generated by the model data for the PD subjects (Table 3.3). 
Several individual metabolic pathways also display a greater variability in the rate of Cu 
transfer for PD patients compared to controls, in particular, the rates of Cu absorption 
from the gut, the formation of CP and the transfer of Cu from CP to tissues (Fig. 3.5). A 
poignant observation is that following absorption of Cu from the gut into the plasma, 
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Figure 3.5. Plots displaying the variation in total Cu stores and Cu fluxes for all 
subjects versus age. A larger variation is seen for PD subjects with respect to controls for 
all plots, however the metabolism appears to be determined at or prior to the transfer of 
Cu from the albumin to the liver.  	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bound to albumin, the metabolism for all subjects is relatively unchanged (Fig. 3.5, 
Table 3.3). The model identifies significantly larger total Cu stores in three of the 10 PD 
subjects for the tissue/muscle/cell compartment (comp. 11, Fig. 3.2), whilst all other 
compartments show no significant difference between controls and PD patients. 
Conversely, the remaining seven PD subjects have total Cu stores that are at the lower 
end of the range exhibited by the controls (Fig. 3.5). The largest number of PD patients 
with values outside of the range exhibited by controls is observed for the absorption of 
Cu from the gut into the plasma, however, there is no correlation between Cu absorption 
and total Cu stores. Either (i) the absorption of Cu from the gut or (ii) the transfer of Cu 
from the plasma to the liver appears to be a governing factor in metabolic propagation, 
however, the variation in the Cu metabolism occurs at different stages for individual PD 
subjects. Importantly, controls and patients display mean values that are identical within 
1SD for many of the compartments.  
Taken together, the model results thus support previous conclusions, which were 
based on the qualitative evaluation of the isotope data: (i) one single factor is unlikely to 
be responsible for all the differences seen in the Cu metabolism between PD patients 
and controls; and (ii) the exclusive consideration of averages would mask the 
information which is provided by the variability seen for individual profiles. In 
particular, the larger range seen for many of the Cu stores (Table 3.3) and fluxes (Fig. 
3.5) can be used in conjunction with the isotope profiles to establish that the Cu 
metabolism is less tightly controlled in those with PD.  
The model predicts the formation of CP, which correlates with the measured 
values collected for the subjects (Table 3.3), and supports the assumption that the 
second rise of the ∂65Cu values in the metabolic isotope profile is due to the presence of 
CP (Fig. 3.4). Both higher and lower CP concentrations have been reported in the 
literature for PD patients compared to that of the healthy populace but the debate 
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concerning which result is more representative is unresolved to date [Arnal et al., 2010]. 
The variation in reported CP concentrations in the literature may be, however, a further 
example of a reduced Cu metabolic control in PD patients. A higher concentration of 
non-ceruloplasmin bound Cu has also been observed in PD subjects and this was 
reported to correlate with disease progression and cognitive impairment [Arnal et al., 
2010]. Such non-ceruloplasmin bound Cu is represented by albumin within the 
compartment model (comp. 4, Fig 3.2), and was calculated to be higher in PD patients 
relative to controls (Table 3.3), therefore the outcomes of the model appear to replicate 
features that were previously observed in other studies.  
The most significant variation in rates is seen here for the initial absorption of 
Cu into the plasma from the gut (Fig. 3.5), where by 70 % of the PD subjects lie outside 
of the range exhibited by the controls. The Cu absorption mechanism is poorly 
understood even for healthy populations [Collins et al., 2010] but the copper and 
dismutase transporters Ctr1 and DMT1 in the intestinal brush border have been 
identified as candidates that facilitate Cu absorption [Arredondo & Nùñez, 2005]. The 
efficiency of Cu absorption in healthy subjects is known to regulate whole-body Cu 
metabolism [Turnlund, 1998]. The variations observed here in Cu absorption via the gut 
may therefore be responsible for the less pronounced variations in the subsequent 
transfer pathways, including the final deposition of Cu into tissues, in non-bioavailable 
form.  
A two sample Student’s t-test was performed for each parameter of the data set 
(Table 3.3.) to determine if the differences observed between healthy and PD subjects 
are significant at the 95 % confidence limit (p = 0.05). Whilst the p values shown in 
Table 3.3 demonstrate that this is not the case, the results do reveal that the two 
populations have tissue-bound Cu stores that differ at the 90 % confidence level. These 
results suggest that it will be useful to carry out a larger scale study to more rigorously 
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evaluate potential differences in the Cu metabolism for those with PD, to establish if the 
differences that have been observed here are statistically significant and the implications 
that either a positive or negative finding has for the understanding of this condition. 
 
3.3.4. Implications for future investigations 
Performing this investigation at a larger scale will help further elucidate the role 
of Cu in those with PD and support efforts to determine whether the difference in Cu 
metabolism contributes to the ethiopathogenesis of PD or is an effect of the condition. 
For example, the results obtained here are indicative of significant differences in the Cu 
stores of tissues between healthy and PD populations. However, it is not possible to 
determine the location of this tissue. It is feasible that this compartment represents the 
brain and excess Cu stores could therefore be responsible for directly inducing oxidative 
stress. Conversely, this difference was only observed in 30% of the test subjects, and 
therefore its role in, or link with PD is unclear. 
Longitudinal studies would be of interest in this context as they can be used to 
investigate the temporal evolution of the metabolism. Particularly, such studies could 
determine (i) if a poorer control of the Cu metabolism is evident from birth, (ii) whether 
poorer control is static or exacerbated with time, and (iii) if Cu metabolic deterioration 
coincides with the onset of PD. Cross-sectional studies may identify populations, such 
as sub-types of PD or gender, where specific metabolic features are prominent. Using 
the new high precision isotopic techniques that were pioneered in this study, the whole-
body Cu metabolism can now be fully defined for healthy populations, and those with 
other neurological disorders. Investigations in both of these areas are crucial for 
understanding key physiological processes, especially when related to PD. The 
significance of a deviation in Cu metabolism for those with PD can only be reported in 
relation to a well-defined ‘normal’ population, and increasing the understanding of the 
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healthy Cu metabolism will clarify origin and significance of any differences. The 
relationship between the Cu metabolism of patients with PD and other neurological 
disorders (or lack of any) may therefore help to illuminate the mechanisms responsible 
for this metabolic difference. 
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3.4. Conclusion 
The Cu metabolism is less controlled in PD patients compared to controls but no 
single pathway in the Cu metabolism could be identified as being clearly responsible for 
this difference. Full-scale medical studies are needed to better characterize and 
constrain this finding. In particular, detailed investigations are needed to determine 
statistically significant differences in the Cu metabolism between healthy and PD 
populations and any correlations with age, gender or sub-types of PD. This pilot study 
indicates that any such differences are likely to be small, hence, it will be important to 
carry out the analyses of stable isotope Cu composition at high precision using MC-
ICP-MS. This would be the first time that this analytical technique would be used on a 
larger and more routine scale as a diagnostic medical tool. 	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Chapter 4 
 
 
 
 
 
 
 
 
 
 
 
 
Evaluation of stable isotope tracing for 
ZnO nanomaterials – new constraints 
from high precision isotope analyses 
and modelling 
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4.1. Introduction 
 
The rapidly increasing use of engineered nanoparticles (NPs) has given rise to 
concerns about potential health and environmental impacts, and initiated a wider debate 
about possible risks associated with the application of nano-scale materials [The Royal 
Society, 2004]. Nanomaterials (NMs) possess at least one dimension of less than 100 
nm; NPs are less than 100 nm in all dimensions. The scientific understanding of the 
toxicological properties and environmental fate of industrially produced NMs is, 
however, currently hampered by analytical complexities. A particular challenge is posed 
by the difficulty of distinguishing engineered NMs from the normal background levels 
of elements and natural NPs in complex samples, including geological materials (e.g., 
sediments, marine/fresh waters) and biological tissues. Improved methodologies are 
required for tracing engineered NPs in bulk natural samples from exposures, which are 
carried out at realistic particle concentrations rather than the higher levels that are 
currently often dictated by the lack of suitable analytical protocols [Handy et al., 2008a; 
Klaine et al., 2008; Marquis et al., 2009].  
The technique of stable isotope labelling has the potential to overcome many of 
the shortcomings exhibited by conventional nanoparticle tracing methods [Gulson & 
Wong, 2006]. In particular, it promises to provide tracing sensitivities that are orders of 
magnitude better than those that can be obtained based on concentration data alone 
[Stürup et al., 2008]. The development of stable isotope-based tracing is particularly 
relevant for ZnO NMs, because of their wide use in sunscreens, cosmetics and other 
consumer products, while the detection of NP-derived Zn in bulk natural samples is 
difficult, due to the high background levels of this element [Chester, 1990; Heinrichs et 
al., 1980]. Short-lived radioactive isotopes, such as 65Zn, would provide similar 
advantages for NP tracing but their use raises significant safety, health and ethical 
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concerns and is also associated with experimental problems that reflect the rapid 
radioactive decay of the parent nuclide. Importantly, such concerns do not apply to 
stable isotope methods because these utilise only naturally occurring non-radioactive 
isotopes. 
In order to address the paucity of suitable methodologies, this contribution 
investigates two possible routes of stable isotope tracing for ZnO NPs. First, high 
precision Zn isotope analyses have been performed for 17 commercially available ZnO 
NMs, to evaluate whether these products exhibit significant indigenous isotope 
fractionations that can be exploited for tracing purposes. This is the first time that such 
an investigation has been carried out and extends to three ZnO NMs and a bulk ZnO 
sample, which are reference substances from the NM-Series of Representative 
Manufactured Nanomaterials [European Union, 2011]. The manufacturing of ZnO NMs 
involves high-energy attrition milling [Gulson et al., 2012; Gulson et al., 2010], wet 
chemical synthesis [Croteau et al., 2011; Dybowska et al., 2011] and high temperature 
condensation [Lee et al., 2010]. Isotope fractionation of Zn may occur during 
manufacturing stages that incur a change of phase or purification, and evidence of such 
fractionation has been observed in anthropogenic Zn emissions to the environment 
[Cloquet et al., 2006; John et al., 2007a; Shiel et al., 2010] and purified Zn materials 
[Arnold et al., 2010; Mason et al., 2004]. Secondly, a detailed evaluation of tracing has 
been carried out, which utilises ZnO NPs that are prepared from, and hence labelled 
with, highly enriched single Zn isotopes. Such isotopically labelled ZnO NPs have been 
used in a few previous studies [Croteau et al., 2011; Dybowska et al., 2011; Gulson et 
al., 2012; Gulson et al., 2010] but a detailed evaluation of this methodology, that 
identifies the most suitable and cost-effective labelling isotopes for different analytical 
requirements and techniques, has not been carried out to date. 
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4.2. Experimental 
 
4.2.1. Samples 
A suite of 17 commercially available ZnO products from different 
manufacturers was analysed. With one exception, these are all (near-) nanoscale 
materials with particle sizes of 10 to 150 nm (Table 4.1). Four of the substances, 
including a bulk ZnO sample, are denoted as NM-110 to NM-113 in Table 4.1, because 
they are distributed as part of the ‘Representative Manufactured Nanomaterials’ 
reference material program. The European Commission Joint Research Centre (JRC) 
maintains these NM-Series reference materials, in support of the OECD Working Party 
on Manufactured Nanomaterials (WPMN) Sponsorship Programme, and detailed 
characterisation data have been published for these samples [European Union, 2011]. 
All other materials were purchased directly from various suppliers (Table 4.1). 
 
4.2.2. Preparation of ZnO samples for isotopic analyses  
Contamination of samples with Zn from reagents, materials and the environment 
can readily occur, as Zn is ubiquitous. To minimise blank levels, sample preparation 
was carried out in Class 10 laminar flow hoods, within the Class 1000 MAGIC Clean 
Room Laboratory at Imperial College. AnalaR grade HNO3 (15.4 M), purified by sub-
boiling distillation in a quartz still, and 18 MΩ cm H2O (MilliPore) were used 
throughout this study. All vessels were furthermore cleaned prior to use with 
appropriate acids to minimise the Zn blank, routinely determined as < 2 ng.  
Approximately 100 mg of the ZnO samples were weighed and dissolved in 15.4 
M HNO3 for 24 h at room temperature in Teflon vials. These digests were diluted with 
water to produce stock solutions with ~10 µg/ml Zn in 0.1 M HNO3 and then stored in 
HDPE bottles. Aliquots of these stock solutions were doped with a 2 mg/L solution of 
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Table 4.2. Operating conditions for the Nu Plasma MC-ICP-MS and the DSN 
desolvating nebulizer system 
Nu Plasma MC-ICP-MS  
Acceleration voltage ~6000 V 
Mass resolution (M/ΔM) ~400 
Rf power 1300 W 
Coolant Ar 13 L min-1 
Auxiliary Ar 1 L min-1 
Faraday cup resistors 1011 Ω 
Sensitivity for Zn & Cu 100-120 V ppm-1 
Transmission efficiency for Zn, Cu ~0.05% 
DSN nebulizer system  
Argon sweep gas ~3 L min-1 
Hot gas ~0.2 L min-1 
Nebulizer pressure ~30 psi 
Sample uptake rate ~100-120 µL min-1 	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Romil Cu in 0.1 M HNO3 and then further diluted in clean HPDE centrifuge tubes to 
produce sample solutions for the isotopic analyses with concentrations of [50 µg/L Zn – 
50 µg/L Cu] to [100 µg/L Zn – 100 µg/L Cu] in 0.1 M HNO3. 
 
4.2.3. Isotopic analyses of ZnO samples by MC-ICP-MS 
The Zn isotope analyses were performed at the MAGIC Laboratories with a Nu 
Plasma HR multiple collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) [Halliday et al., 1998; Rehkämper et al., 2001]. A DSN desolvator system (Nu 
Instruments) and glass nebulizers (Micromist) with solution flow rates of ~100-120 
µL/min were used for sample introduction (Table 4.2). The isotope measurements 
comprised 3 blocks of twenty 5 s integrations, on masses 62 (Ni), 63 (Cu), 64 (Zn), 65 
(Cu), 66 (Zn), 67 (Zn), and 68 (Zn), by static multiple collection with Faraday cups and 
using 1011 Ω resistors. The ion beam was deflected in the electrostatic analyser for 15 s 
prior to each block for measurement of the electronic baseline. Instrumental sensitivities 
of about 120 V/ppm and 100 V/ppm were consistently achieved for Zn and Cu, 
respectively, during the course of this study (Table 4.2). The 62Ni ion beam was 
routinely monitored in all analyses to correct for the isobaric interference of 64Ni on 
64Zn. 
The addition of an element with a similar mass to the element of interest (Cu in 
this case) enables accurate and precise correction of the instrumental mass bias 
[Rehkämper et al., 2001]  and in this study the measured 66Zn/64Zn isotope data were 
corrected relative to the 65Cu/63Cu isotope ratio of admixed Romil Cu, with the 
exponential law. The δ values of the samples (sam) were then determined relative to 
results obtained for bracketing analyses of an isotopic standard (std) in ‰: 
€ 
∂ 66 / 64Zn = (
66Zn/64 Zn)sam
(66Zn/64 Zn)std
−1
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥ ×1000        [4.1] 
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A similar approach has been used in previous isotopic investigations of Zn [Bermin et 
al., 2006; Mason et al., 2004] and other elements [Larner et al., 2011; Nielsen et al., 
2004].  
In this study, the sample analyses were bracketed by measurements of ‘London 
Zn’ solutions, which served as the in-house Zn isotope reference material. The isotopic 
offset between ‘London Zn’ and the well-characterised (but now essentially depleted) 
‘JMC Lyon Zn’ [Maréchal et al., 1999] was determined by repeated isotopic analyses 
(n=6), which yielded a δ66/64Zn value of +0.12±0.04‰ for London Zn relative to JMC 
Lyon Zn. Consequently, the measured δ66/64Zn values were corrected by +0.12 ‰ for 
reporting of the results relative to JMC Lyon Zn.  
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4.3. Results and Discussion 
 
4.3.1. The current status of tracing ZnO nanoparticles in bulk environmental 
samples 
In principle, measurements of elemental concentrations in biological tissues 
offer a straightforward means of tracing the uptake of metal-based NPs by organisms. 
Such analyses are, therefore, commonly applied for detecting NP in bulk samples from 
exposures that investigate toxicological properties or environmental fate. These 
investigations are relatively unproblematic in some cases, as is demonstrated by the 
numerous experiments that have been performed with Au nanoparticles [Ferry et al., 
2009]. The application of ‘concentration tracing’ is, however, presented by problems 
when applied to many other metal or metal oxide NMs, including ZnO. These 
difficulties are briefly discussed in the following with particular reference to ZnO NMs 
but many conclusions are also valid for NPs prepared from other metals (e.g., TiO2, Fe 
oxides, Al2O3) and even non-metals such as SiO2. 
For unambiguous tracing, the presence of the NPs in a sample should preferably 
generate elevated elemental concentrations (e.g., of Zn) that exceed the natural 
background level by a factor of 10 or more, if possible. This recommendation follows 
from the observation that unequivocal tracing and precise quantification of NPs is 
hindered by the uncertainty of the concentration measurements (which can exceed 
±10% close to the detection limit) and variable background levels of the element. Such 
variability will be particularly problematic for biological samples, where Zn 
concentrations have been observed to vary by more than ±10% in tissue grown under 
essentially identical conditions (e.g., Leavitt et al. [1979], Muruthi-Sridhar et al. 
[2007]). In addition, toxicological exposures and experiments that investigate 
environmental fate are ideally conducted using NM concentrations that are similar to, or 
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do not greatly exceed those, which are expected for relevant, real-life environments. 
Whilst actual analytical data are not available, a recent modelling study that is based on 
current application data suggests that the concentrations of ZnO NPs in the environment 
might be at (or soon reach) levels of about 50 to 500 µg/L in waters and 2 to 20 µg/g in 
sediments [DEFRA, 2007]. In comparison, the UK Environmental Quality Standards 
(EQS) statuory threshold for Zn in waters is 40 µg/L [Matthiessen, 1999]. 
Concentration tracing is, therefore, most straightforward for NPs made from 
metals that have low natural backgrounds, at the ng/g level or less, such as Au or Pt. In 
contrast, it is significantly hindered for Zn, as this element typically has abundances of 
more than 10 µg/g in biological tissue [Rodushkin & Axelsson, 2000] and of 50 to 200 
µg/g in soil and sediments [Chester, 1990; Heinrichs et al., 1980]. In order to facilitate 
detection of NP uptake with the aid of concentration tracing or imaging techniques, 
toxicological exposures of bacteria and water-dwelling organisms, such as Daphnia 
magna, fish and alga, are commonly conducted with aqueous ZnO NP concentrations of 
or higher than 100 mg/L. Such abundances, however, exceed the normally expected 
environmental levels of engineered ZnO NPs by approximately three orders of 
magnitude. Toxic effects may therefore be generated simply by the high levels of 
dissolved Zn2+ that are produced by dissolution of the NMs, rather than direct uptake of 
ZnO NPs [Franklin et al., 2007; Wiench et al., 2009]. 
A possible alternative to the use of absolute concentration data for tracing 
purposes is given by the application of near-constant or ‘quasi-isotopic’ natural element 
abundance ratios, which are commonly applied in geochemical research [Hofmann, 
1997]. This approach may overcome tracing problems that stem from highly variable Zn 
background levels, if the Zn abundances are well correlated with the concentration of a 
second, chemically similar element (termed E in the following). In this case, a variable 
Zn background does not inhibit the detection of anomalies in Zn contents from the 
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addition or uptake of ZnO NPs, as long as the samples exhibit essentially constant 
natural Zn/E abundance ratios over a wide range of Zn contents and the levels of E in 
the ZnO NPs are minimal. 
For Zn, the element ratio approach is promising in combination with Cu and 
even more so with Cd. Zinc and Cd are close chemical relatives as part of Group 12 (or 
IIB) of the periodic table and, even more significantly, both metals are known to display 
a relatively similar distribution and behaviour in many geological and biogeochemical 
systems [Heinrichs et al., 1980; Morel et al., 2005]. A literature survey of Zn/Cd 
abundance ratio data shows, however, that this element ratio is far from constant in 
nature, and variations of more than two orders of magnitude are observed for both 
geological and biological samples (Fig. 4.1a). The application of this approach therefore 
does not offer significant advantages to the use of Zn concentration data alone but 
remains promising for tracing other nanoparticles that are manufactured from metals, 
such as the rare earth elements (e.g., CeO2 and La2O3 NMs), which are expected to 
display more closely correlated natural distributions. 
Given the inadequacies of concentration-based techniques for the tracing of ZnO 
NMs in complex natural materials, there is a clear need to explore alternative tracing 
methodologies that permit the sensitive and selective detection of ZnO NPs in natural 
biological and geological samples. For this, two different approaches to stable isotope 
tracing of engineered ZnO NPs are evaluated and discussed in the following. 
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Figure 4.1. Variability of Zn/Cd ratios (a) and Zn isotopic compositions (b; shown 
as δ66/64Zn relative to JMC Lyon Zn) for various geological, biological and 
anthropogenic samples. The Zn/Cd ratios vary by more than 3 orders of magnitude for 
biological specimens and almost 9 orders of magnitude for geological materials. In 
contrast, natural materials display only limited variability in δ66/64Zn, with a total range 
of about 2.5‰. Most of this variability is from biological samples.  
[Albarède, 2004; Archer & Vance, 2004; Arnold et al., 2010; Axelsson & Rodushkin, 2001; Bermin et al., 2006; 
Chapman et al., 2006; Chen et al., 2009a, 2009b; Dolgopolova et al., 2006; EarthChem; Fernandez & Borrok, 2009; 
Gélabert et al., 2006; Gioia et al., 2008; Helal et al., 2002; John et al., 2007b; Maréchal et al., 2000; Mason et al., 
2005; Ohno et al., 2005; Pichat et al., 2003; Rodushkin & Ödman, 2001; Rodushkin et al., 1999; Sonke et al., 2008; 
Stenberg et al., 2004; Vance et al., 2006; Viers et al., 2007; Wilkinson et al., 2005; Zhu et al., 2002]. 
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4.3.2. Isotope tracing of ZnO nanoparticles based on indigenous differences in Zn 
isotopic compositions  
 
4.3.2.1. Principle  
Previous investigations identified δ66/64Zn values as low as -7 to -10 for a 
number of commercially available Zn standard solutions [Arnold et al., 2010; Mason et 
al., 2004; Sonke et al., 2008], whilst the isotopic composition of normal natural Zn 
typically falls into a narrow range with δ66/64Zn ≈ 0.0 ± 0.5‰ (Fig. 4.1b). These 
relatively large isotope effects are most likely the result of mass dependent isotope 
fractionations that occurred during the extraction of Zn from ores and/or industrial 
purification of the metal [Shiel et al., 2010]. This is supported by studies, which have 
identified even larger isotope fractionations for highly purified samples of Cd metal 
[Rehkämper et al., 2011; Wombacher et al., 2004]. 
If currently available commercial ZnO NPs were to possess δ66/64Zn ≈ -10‰, the 
isotopic offset from δ66/64Zn ≈ 0 would be sufficient to enable stable isotope tracing and 
allow such studies to be carried out at a very reasonable cost. High precision Zn isotope 
analyses by MC-ICP-MS yield δ66/64Zn data with an uncertainty (2sd) of ±0.10‰ (e.g., 
Arnold et al. [2010]; Bermin et al. [2006]; Cloquet et al. [2006]; John et al. [2007a]; 
Maréchal et al. [1999]; Mason et al. [2004]; Shiel et al. [2010]) and mixing processes 
that produce isotopic variations that are larger than this uncertainty are isotopically 
resolvable, if the isotopic composition of the background is known and well-
characterised. Assuming that manufactured ZnO NMs differ in their isotopic 
composition from the natural background by δ66Zn = -10‰, an isotopic shift of ≥0.10‰ 
is produced if the addition of engineered NPs increases the Zn content by more than 
~1%. For sediment/biological tissue samples with a Zn background of 100 µg/g, any 
change in Zn concentration that exceeds 1 µg/g can hence be detected isotopically. Such 
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a stable isotope-based tracing approach may therefore result in a better sensitivity for 
the detection of engineered ZnO NPs than can be achieved with Zn concentration data 
and would not suffer from uncertainties that are introduced by the large natural 
variability of Zn contents for biological materials. 
 
4.3.2.2. Accuracy and reproducibility of Zn isotope data  
Repeat analysis (n = 6) of the previously characterised London Zn and Romil Zn 
solutions were carried out to validate the accuracy of the data generated in this study 
and the results obtained here are identical (within error) to previously published values 
[Arnold et al., 2010; Mason et al., 2004] (Table 4.1). In particular, the offset in this 
study between London Zn and JMC Lyon Zn (+0.12 ± 0.04‰) is indistinguishable from 
the literature value of +0.11 ± 0.04‰ [Arnold et al., 2010] (Table 4.1). 
These samples and the JRC Representative Manufactured Nanomaterials were 
also analysed on at least two separate measurement sessions, spaced more than one 
month apart, to characterise reproducibility (Table 4.1). These multiple analyses yielded 
precisions of ±0.04‰ to ±0.10‰ (2SD), that are based on either (i) the reproducibility 
of the n separate analyses across different measurement sessions, or (ii) the within-day 
precision obtained for multiple measurements of the bracketing standard, whichever 
was larger (Table 4.1). The reproducibility reported here is very similar to that achieved 
in other recent Zn isotope studies that utilised MC-ICP-MS [Albarède, 2004; Arnold et 
al., 2010; Bermin et al., 2006; Cloquet et al., 2008]. 
 
4.3.2.3. Result of high precision isotope analyses of ZnO nanoparticles by MC-ICP-MS  
The analyses of the commercial ZnO NMs yielded δ66/64Zn values, relative to 
JMC Lyon Zn, of between -0.31‰ to +0.28‰ (Table 4.1). Hence there are small but 
significant isotopic differences between the samples. However, the results also reveal 
Ph. D. Thesis - Fiona Larner 73	  
that particle size, the presence or absence of coating, or distribution in the form of 
powder versus suspension have no tangible systematic effect on Zn isotopic 
compositions. Furthermore, the sample data are essentially indistinguishable from the 
δ66/64Zn values of between about -0.25‰ to +0.50‰ that are commonly found for Zn of 
geological, biological and anthropogenic origin in environmental samples [Albarède, 
2004] (Fig. 4.1b.). This implies that the indigenous Zn isotopic compositions of ZnO 
NPs are not suitable for the tracing of such materials in natural and experimental 
systems. 
 
4.3.3. Stable isotope tracing with isotopically labelled nanoparticles 
 
4.3.3.1. Principle 
Stable isotope tracing of ZnO NPs can be achieved even if commercially 
available NMs have Zn isotopic compositions that are indistinguishable from other 
natural and industrial materials (Fig. 4.1b). Such tracing, however, requires the use of 
isotopically labelled nanoparticles that are specifically prepared to possess distinct and 
non-natural Zn isotopic compositions. Labelled ZnO NPs can be produced in a 
straightforward manner from commercially available Zn reagents that are artificially 
enriched in a single isotope of the element. Enriched isotope materials such as these 
have been applied as tracers in analytical, environmental and medical research for many 
years whilst their application for the tracing of engineered NMs has been limited to a 
few studies that investigated ZnO NPs [Croteau et al., 2011; Dybowska et al., 2011; 
Gulson et al., 2012, 2011]. 
Zinc has five stable isotopes with atomic mass numbers of between 64 and 70 
and natural abundances that vary between 0.6% and almost 50% (Table 4.3). In 
contrast, stable Zn isotope tracers are enriched, generally to more than 90%, in a single 
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isotope (Table 4.3). Importantly, such artificially enriched stable isotopes are non-
radioactive. The chemical and physical properties of reagents prepared from enriched 
tracers are furthermore essentially identical to conventional, commercially available Zn 
reagents that have normal Zn isotopic compositions. Hence, no particular precautions 
are necessary for the preparation, handling and disposal of ZnO NMs that are labelled in 
this manner. 
In tracing applications, the presence of isotopically labelled ZnO NPs in samples 
is verified by the measurement of one or several diagnostic isotope ratios. By 
convention, these diagnostic ratios feature the enriched tracer isotope (e.g., 68Zn) in the 
numerator, whilst a second, non-enriched isotope is found in the denominator (e.g., 
68Zn/64Zn). When such an isotope ratio differs significantly from the natural value, this 
provides conclusive evidence for the presence of isotopically labelled ZnO or Zn2+ ions 
derived therefrom. The extent of this difference can, furthermore, be exploited to 
accurately quantify the amount of labelled material that is present. 
 
4.3.3.2. Choice of enriched isotope 
The key factors that determine which particular Zn isotope is best used for the 
preparation of labelled ZnO NPs will be (i) the tracing sensitivity that is required for a 
particular application; (ii) the cost of the tracer material; and (iii) the precision and 
accuracy of the technique that is employed for measurement of the diagnostic isotope 
ratio(s). In general, the best sensitivities for tracing labelled materials, including NPs, 
can be achieved by employing highly enriched isotopes that have low natural 
abundances (e.g., 67Zn, 70Zn; Table 4.3). In this case, even minor additions of the tracer 
isotope to the natural Zn present in a given sample will produce analytically resolvable 
changes in Zn isotopic composition. Such enriched isotopes are, however, also typically 
very expensive, (e.g., 67Zn, 70Zn; Table 4.3). Aside from this, the sensitivity of stable 
Ph. D. Thesis - Fiona Larner 75	  
isotope tracing is most strongly constrained by (i) the precision that can be attained in 
the isotope ratio measurements, which is primarily a function of analytical procedures, 
the type of mass spectrometer used as well as sample size; and (ii) the extent of any 
natural mass dependent variations in the isotopic composition of the experimental 
system prior to the addition of the labelled NPs. A quantitative evaluation of how these 
factors determine the detection sensitivity that can be achieved for stable isotope tracing 
of ZnO NPs is presented in the following. 
 
4.3.3.3. Modelling parameters  
As a starting point, this evaluation considers that the isotopic analyses are 
conducted by either (i) ‘conventional’ quadrupole and single collector sector field ICP-
MS (SF-ICP-MS) methods, or (ii) high precision MC-ICP-MS techniques (Table 4.4). 
In addition, it is assumed that at least 250 ng of Zn are available for the measurements 
and this suffices for routine isotopic analyses by MC-ICP-MS (e.g., Bermin et al. 
[2006]; Shiel et al. [2009]; this study) as well as quadrupole or SF-ICP-MS (e.g., 
Balcaen et al. [2008]; Stürup [2000]; Wolf et al. [2009]). Notably, 250 ng of Zn are 
provided by about 2.5 mg of biological tissue and sediment/soil (assuming realistic Zn 
concentrations of ~100 µg/g) or about 8 ml of a water sample (assuming [Zn] = 30 
µg/L), and such quantities are available from most exposures, even if these are carried 
out at a small scale and/or using small organisms (e.g., Corophium volutator, Daphnia 
magna). 
The evaluation extends to five Zn isotope ratios: 64Zn/66Zn, 67Zn/66Zn, 68Zn/66Zn, 
68Zn/67Zn, and 70Zn/68Zn (Table 4.4). Results are not shown for other possible isotope 
combinations because these would only yield detection sensitivities that are either 
inferior (e.g., 70Zn/67Zn, 70Zn/64Zn compared to 70Zn/68Zn; 66Zn/68Zn vs. 68Zn/66Zn) or 
very similar (e.g., 67Zn/68Zn compared to 67Zn/66Zn) to those already covered in Table 
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Table 4.3. Natural Zn isotope abundances, and isotopic enrichment and approximate 
cost of commercially available enriched Zn isotopes 
 64Zn 66Zn 67Zn 68Zn 70Zn 
      
Natural isotope abundance (%)* 48.26 (21) 27.98 (5) 4.10 (1) 19.02 (8) 0.63 (1) 
 
Isotopic enrichment of tracers (%)§ 99.5 99.0 92.0 99.5 95.0 
Price of tracer (in $/mg) § 4.50 5.00 35.00 4.00 250.00 
Cost of tracer to produce 100 mg of isotopically labelled NPs assuming 10% yield during preparation ($) 
 4500 5000 35000 4000 250 000 
 
* Data from Böhlke et al. [2005]. The numbers in () denote the 2SD uncertainty on the least 
significant digits. § The isotopic enrichment and cost of the single isotopes are approximate 
average values derived from quotes obtained from Isoflex USA (San Francisco, CA) and Oak 
Ridge National Laboratory (USA) in October 2009. 
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Table 4.4. Detection sensitivity for isotopically labelled ZnO NPs calculated for three 
hypothetical analytical scenarios (Cases 1-3).  
 64Zn/66Zn 67Zn/66Zn 68Zn/66Zn 68Zn/67Zn 70Zn/68Zn 
      
Case 1 – Low Precision Analyses 
Uncertainty of isotopic 
analyses (‰) 6 6 6 6 8 
(i) Detectable increase in 
Zn conc. (‰) 3.0 0.28 1.1 1.2 0.05 
(ii) Detectable increase in 
Zn conc. (ng/g) 300 28 110 120 5 
      
Case 2 – High Precision Analyses 
Uncertainty of isotopic 
analyses (‰) 0.15 0.15 0.15 0.15 0.40 
(i) Detectable increase in 
Zn conc. (‰) 0.08 0.007 0.03 0.03 0.0025 
(ii) Detectable increase in 
Zn conc. (ng/g) 8 0.7 3 3 0.25 
      
Case 3 – Inhomogeneous Zn Background 
Uncertainty of natural 
isotope ratio (‰) 0.50 0.25 0.50 0.25 0.50 
(i) Detectable increase in 
Zn conc. (‰) 0.24 0.012 0.09 0.05 0.003 
(ii) Detectable increase in 
Zn conc. (ng/g) 24 1.2 9 5 0.3 
      
 
The detection sensitivities denote the smallest additions of Zn from isotopically labelled NPs 
that can be resolved for a given uncertainty. The detection sensitivities are provided in two 
notations: (i) as the smallest relative increase in Zn concentration (in ‰) that can be resolved 
by isotopic measurements and (ii) as the smallest absolute increase in Zn concentration (in 
ng/g) that can be resolved for a sample with a Zn background concentration of 100 µg/g, which 
is appropriate for both biological tissue and sediments/soils. 
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4.4. For each of the five diagnostic Zn isotope ratios, three relevant and realistic 
analytical scenarios are investigated: 
 
Case 1: Low precision isotope analyses  
This case assumes that the isotopic measurements are carried out by either 
quadrupole ICP-MS or SF-ICP-MS instruments, and using no or only minimal pre-
concentration of Zn. A number of published studies describe the acquisition of Zn 
isotope data with such methods (e.g., Balcean et al. [2008]; Stürup [2000]; Wolf et al. 
[2009]) and based on these results, best-case uncertainties (2SD) of ±8‰ for 70Zn/68Zn 
and of ±6‰ for all other Zn isotope ratios were assigned (Table 4.4). 
 
Case 2: High precision isotope analyses 
In this scenario, the isotopic measurements are carried out using high precision 
techniques similar to those utilised in the present study for analyses of commercially 
available ZnO NMs. The application of MC-ICP-MS allows Zn isotope ratios to be 
determined with a precision that can approach ±0.05‰ to 0.10‰ (2SD; Table 4.1). A 
number of studies have shown that such reproducibilities can be achieved not only for 
pure Zn standard solutions (Table 4.1) but also for Zn separated from various natural 
materials by ion exchange chromatography (e.g., Arnold et al. [2010]; Bermin et al. 
[2006]; Cloquet et al. [2008]; Maréchal et al. [1999]). For the purposes of the present 
evaluation, more conservative error estimates of ±0.15‰ to ±0.40‰ are applied (Table 
4.4) to account for (i) the low signal intensities obtained for the minor 70Zn isotope and 
(ii) the particular difficulties (e.g., from memory effects and blanks) that are associated 
with the determination of variable isotope ratios, as encountered in tracing studies. The 
precision of Zn isotope data obtained during analyses of biological samples from 
exposure studies with isotopically enriched ZnO nanoparticles supports the estimated 
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uncertainties. For example, multiple analyses of Zn standard solutions that were 
measured interspersed with and at concentrations similar to those of samples containing 
enriched levels of 68Zn, yielded reproducibilities (2SD) of better than ±0.12‰ for 
68Zn/66Zn.  
 
Case 3: Isotopically variable Zn background  
This case specifically considers the uncertainties that arise from natural 
variability in Zn isotopic compositions (Fig. 4.1b). This variability is not relevant for 
Case 1, due to the limited precision of the analyses, and it was not considered in Case 2. 
However, natural mass dependent Zn isotope fractionations that have been observed in 
biological or geological samples can readily exceed the reproducibility of high precision 
MC-ICP-MS data and such variability is hence explicitly considered in Case 3. In the 
following, it is assumed that the isotopic composition of the natural Zn background 
displays a realistic variability of ±0.25‰ per amu mass difference for all Zn isotope 
ratios (Table 4.4), equivalent to ±0.50‰ for δ66/64Zn (Fig. 4.1b).  
 
4.3.3.4. Discussion of modelling results 
The detection sensitivity that can be achieved in the tracing of isotopically 
labelled ZnO NPs, using different tracer isotopes and diagnostic ratios for the three 
analytical scenarios (Cases 1-3, Table 4.4), is defined as the smallest increase in Zn 
concentration from the addition or uptake of labelled ZnO NPs, which can be resolved 
by isotopic analysis. In Table 4.4, this sensitivity is shown in two notations: (i) as the 
smallest relative increase in Zn abundance (in ‰) that can be detected and (ii) as the 
smallest absolute increase in Zn content (in ng/g) that can be resolved for a sample with 
a Zn background concentration of 100 µg/g, which is appropriate for both biological 
tissues and sediments/soils. 
Ph. D. Thesis - Fiona Larner 80	  
Case 1 involves the use of relatively imprecise quadrupole- and sector field-ICP-
MS techniques for isotopic analyses, which are associated with measurement 
uncertainties of greater than ±5‰ (Table 4.4). For this scenario, detection sensitivities 
of >1‰ are observed for isotopically labelled ZnO NPs, if they are made from either 
64Zn or 68Zn (Table 4.4), regardless of which isotope ratio is monitored for detection. 
Considerably better tracing sensitivities of about 0.05‰ to 0.30‰ can be achieved even 
with imprecise isotopic analyses, if the NMs are manufactured from either 67Zn or 70Zn. 
These isotopes, however, are also considerably more expensive than 64Zn or 68Zn (Table 
4.3). 
Significantly improved detection sensitivities can be obtained if the precise 
technique of MC-ICP-MS is applied for the tracer analyses (Case 2). With this 
methodology, the use of labelled ZnO NPs provides tracing sensitivities of better than 
0.08‰ throughout (Table 4.4). Using relatively inexpensive 68Zn for the preparation of 
the 68ZnO NPs, the detection sensitivity can be as low as 0.03‰, whilst application of 
more costly 67Zn and 70Zn isotopes can further improve the values to <0.01‰ (Table 
4.4).  
Excellent detection sensitivities can be obtained using MC-ICP-MS even if there 
is significant uncertainty in the Zn isotopic composition of an experimental system. 
This is demonstrated by the results for Case 3, which assumes that the sensitivity of 
tracing is limited solely by a natural variability in Zn isotopic compositions of 
±0.25‰/amu (Table 4.4). Despite this uncertainty, detection sensitivities of better than 
0.10‰ are possible using isotopically labelled 68ZnO NPs (Table 4.4). Again, even 
better results, with detection sensitivities of <0.015‰, can be achieved if tracing is 
carried out using more expensive 67Zn or 70Zn labels (Table 4.4). The application of 
68Zn is, however, associated with costs that are about a factor of 10 and 100 lower 
compared to use of 67Zn or 70Zn, respectively (Table 4.3). This difference in cost will be 
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of particular importance when larger quantities of labelled NPs are needed, for example 
in fish tank experiments, mesocosms, multiple generation studies or human trials. For 
example, over 300 g (not mg) of 68ZnO tracer were used to prepare the sunscreen 
formulation applied in Gulson et al. [2010; Gulson, 2012]. Whilst MC-ICP-MS 
instruments are presently only available in a limited number of institutions, this 
drawback can be circumvented through suitable research collaborations involving 
groups that can provide access to the instrumentation and expertise required for the 
acquisition of high precision isotope data. 
Taken together, these results show that use of isotopically labelled ZnO NPs can 
provide detection sensitivities that far exceed those attainable using Zn abundance data 
alone, even if the Zn isotopic composition of a sample or experimental system is not 
well-defined. Clearly, the best tracing sensitivities can be achieved when the isotopic 
analyses are carried out at high precision using MC-ICP-MS (Table 4.4). For the most 
demanding applications, which require the detection of extremely small NM quantities 
in the presence of high concentrations of endogenous Zn, it may be advantageous to use 
either labelled 67ZnO or 70ZnO NPs (Table 4.4), if the cost of these isotopes is not an 
obstacle (Table 4.3). In addition, application of these isotopes (and in particular cheaper 
67Zn) may be advantageous, when the isotopic analyses must be carried out by either 
quadrupole- or sector field-ICP-MS. In principle, the costs associated with using a 
highly pure tracer of a naturally rare isotope (67Zn, 70Zn) can be reduced by dilution of 
the material with natural Zn. This approach is not recommended, however, as a similar 
isotopic tracing sensitivity can be obtained at lower cost using a high purity tracer of a 
more abundant isotope (e.g., 68Zn; Table 4.3). This conclusion is reinforced by the 
results of Gulson et al. [2012], who applied 68ZnO NPs in sunscreen for a human 
exposure study. In particular, they found that use of 68ZnO with >99% 68Zn enrichment 
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circumvented difficulties that were encountered in a pilot study, which employed 68Zn 
enriched to only ~50% [Gulson et al., 2012]. 
 
4.3.3.5. Data reduction and interpretation of isotopic results 
The results of the isotopic analyses can be evaluated to quantify the fraction of 
Zn present in a sample, which is derived from isotopically labelled NPs. In addition, it 
is also straightforward to determine the absolute quantity and concentration of Zn that is 
contributed by the labelled NMs. In essence, any significant deviation in a diagnostic Zn 
isotope ratio for an exposed sample, relative to the natural isotopic composition of 
unexposed control material, signifies the presence of isotopically labelled NPs. The 
magnitude of this isotopic difference, as determined by mass spectrometry, can be 
exploited to quantify the mass balance between natural Zn and Zn derived from labelled 
NPs that is relevant for an exposed sample. The equations that are needed for these 
calculations follow from a simple isotopic mass balance of all components. The 
equations that are presented below, demonstrate in detail how Zn isotope ratio data are 
processed to quantify the mass balance between natural Zn and Zn contributed by 
isotopically labelled NPs. For simplicity, the equations are formulated for evaluation of 
measured 68Zn/67Zn isotope data, acquired for samples from exposures with 68ZnO. 
However, the equations can be readily recast (by simple substitution) for any other 
desired Zn isotope ratio. In practice, it will furthermore be useful to evaluate more than 
one isotope ratio during data reduction. For example, if 68Zn is applied as the tracer 
isotope, it will be useful to carry out the data reduction for both 68Zn/66Zn and 
68Zn/67Zn. The quantitative results, which are obtained with the two ratios, should be 
consistent and any significant deviation can be used to identify analytical problems. 
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The 68Zn/67Zn ratio of a sample, which has been exposed to 68ZnO NPs, reflects 
mixing between an isotopically enriched 68Zn spike (sp; from 68ZnO NPs) and natural 
(nat) Zn. The isotope ratio of this mixture (mix) R68/67Znmix can be calculated as follows: 
 
€ 
R68/67Znmix =
f 68Znnat ×MZnnat +f 68Znsp ×MZnsp
f 67Znnat ×MZnnat +f 67Znsp ×MZnsp
    [4.2] 
 
where MZn denotes the molar quantity of Zn (either spike or natural) present, and 
fXXZn is the fractional molar abundance of the isotope XXZn. This equation can be 
rearranged to: 
 
€ 
MZnsp
MZnnat
=
R68/67Znmix ×  f 67Znnat( ) −  f 68Znnat
f 68Znsp −  R68/67Znmix ×  f 67Znsp( )
     [4.3] 
 
The ratio MZnsp/MZnnat can be also recast to determine the molar fraction FZnsp/mix of 
the total Zn (MZnmix) that is provided by 68ZnO NPs (MZnsp): 
 
€ 
FZnsp /mix =
MZnsp
MZnmix
=
MZnsp
MZnsp +MZnnat
= 1+MZnnatMZnsp
" 
# 
$ $ 
% 
& 
' ' 
−1
   [4.4] 
 
These results can be further evaluated to quantify the mass and concentration of 
total Zn and Zn derived from 68ZnO NPs that are present in an exposed sample. This, 
however, requires that additional data for the total mass of a (preferably non-spike) Zn 
isotope are available for this material. Such data can be readily acquired by additional 
(isotope) concentration measurements that are conducted using standard quadrupole-
ICP-MS techniques. Alternatively, they can also be obtained by evaluating the signal 
intensities (relative to a calibration curve) that are measured for Zn isotopes during the 
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isotope ratio analyses by MC-ICP-MS. In the following, it is assumed that 67Zn is used 
for the quantification and that the concentration measurements provide the total mass of 
67Zn (m67Znmix) present in a sample. Based on m67Znmix, the total (molar) quantity of Zn 
(MZnmix) that is present in an exposed sample can be calculated as follows: 
 
€ 
MZnmix =
m67 Znmix
AtWZnmix ×  f 67Znmix
      [4.5] 
where AtWZnmix denotes the atomic weight of the Zn in the final sample and f67Znmix is 
obtained as follows: 
 
€ 
f 67Znmix = f 67Znsp × FZnsp /mix[ ] + f 67Znnat ×  (1- FZnsp /mix )[ ]    [4.6] 
 
The fractional isotope abundances fXXZnmix of the other Zn isotopes can be determined 
in an analogous manner and these results are then used to establish AtWZnmix and 
MZnmix. The molar amount of Zn from 68ZnO NPs that is present in an exposed sample 
(MZnsp) can then be obtained from: 
 
€ 
MZnsp =MZnmix × FZnsp /mix        [4.7] 
 
The molar quantities MZn can furthermore be readily translated into Zn masses (mZn) 
using: 
 
€ 
mZnsp =MZnsp × AtWZnsp        [4.8] 
 
The Zn masses can then be used to calculate Zn concentrations, if the weights of the 
final exposed samples (Wmix) are available:  
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€ 
cZnsp =
mZnsp
Wmix
   and   
€ 
cZnmix =
mZnmix
Wmix
   [4.9] 
 
An important question that is commonly raised in toxicological studies of ZnO 
(and other) NPs is whether any observed toxic effects reflect either direct NP uptake by 
the organisms or uptake from the aqueous phase of dissolved Zn ions, which are 
produced by the dissolution of the NM. The ability to distinguish between these two 
scenarios would constitute a significant advance and may be possible for exposure 
systems that utilise isotopically labelled NPs.  
The interpretation of isotopic data to accomplish this is outlined in Fig. 4.2. In 
this case, an organism is exposed to ~99% isotopically pure 68ZnO NPs that are added 
to the aqueous phase, and the (natural) 68Zn/67Zn isotope ratio of the freshwater and 
biological tissue are characterised from control experiments. After the exposure is 
completed, the diagnostic 68Zn/67Zn isotope ratio is determined for the organism and 
three endpoint results are possible. (i) If the 68Zn/67Zn ratio of the organism is 
indistinguishable from the natural value, as determined for tissue from control 
experiments, no uptake of 68Zn derived from 68ZnO NPs has occurred. (ii) If the 
organism has a 68Zn/67Zn isotope ratio, which exceeds the value observed for the 
exposed aqueous phase, this is highly indicative of direct uptake of 68ZnO NPs by the 
organism. (iii) The 68Zn/67Zn ratio of the exposed tissue may be intermediate between 
the natural value (of unexposed tissue) and isotopic composition of dissolved Zn in the 
exposed aqueous phase. Such a result is most readily explained by uptake of dissolved 
68Zn2+, from the dissolution of 68ZnO NPs. However, it can also be generated by uptake 
of particulate 68ZnO, if the organism has a sufficiently high Zn background. In order to 
further resolve the uptake mechanism, the 68Zn concentration of the organism (as 
determined from 68Zn/67Zn) can be used to infer the maximum quantity of 68ZnO NPs 
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that may be present in the tissue and whether this abundance is sufficient for direct 
detection using suitable imaging techniques [Liu et al., 2011]. In addition, the use of 
dissection, and subsequent isotopic analysis of separate organs to determine the 
distribution of enriched tracer throughout the organism, may elucidate the uptake 
mechanism.  
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Figure 4.2. Schematic that illustrates the results, which can be obtained for an 
experiment that involves exposure of an organism to isotopically labelled 68ZnO 
nanoparticles in freshwater. Here, 68Zn/67Zn serves as the diagnostic isotope ratio. 
Three different outcomes, as discussed in the text, are illustrated: (i) no uptake of 68Zn 
by the organism yields a near-natural (essentially unchanged) 68Zn/67Zn ratio for the 
organism; (ii) uptake of 68ZnO nanoparticles can generate 68Zn/67Zn ratios for the 
organism, which exceed the value determined for the exposed aqueous phase; (iii) 
uptake of dissolved 68Zn2+ ions will produce 68Zn/67Zn ratios for the organism that are 
intermediate between results obtained for the exposed water and the natural Zn 
isotopic composition. 	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4.4. Conclusion 
 
Commercial ZnO NMs do not possess indigenous Zn isotopic compositions that 
are sufficiently distinct from natural and anthropogenic materials to enable stable 
isotope tracing of ZnO NPs. Such tracing is possible, however, using ZnO NPs that are 
made from and thus labelled with highly enriched single isotopes of Zn, which are 
available commercially. Exceptional detection sensitivities can be achieved for ZnO 
NPs by stable isotope labelling, particularly when high precision mass spectrometry is 
used to determine the diagnostic isotope ratios in relevant samples. The application of 
such methods enables the selective detection of even trace quantities of ZnO NMs 
against high and variable background concentrations, thus allowing ecotoxicological 
exposures to be carried out using environmentally relevant NP concentrations. 
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Chapter 5 
 
 
 
 
 
 
 
 
 
 
 
 
Tracing bioavailability of  
ZnO nanoparticles using  
stable isotope labelling 
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5.1. Introduction 
 
Nanotechnology is now at the centre of many industrial processes, with an 
increasing range of nanomaterials (NMs) used as constituents of commercial products. 
There are a vast number of processes that NMs have the potential to become involved in 
ecologically, at a range of concentrations and forms [Behra & Krug, 2008; Handy et al., 
2008b]. This results in varied, wide-ranging and complicated interactions with the 
biosphere that require consideration. The physical and chemical state of the NM during 
each process, that is, whether they are; (i) individual particles, (ii) 
aggregates/agglomerates, and in the case of metal based NMs, (iii) dissolved ions, will 
determine the pathway of the NM within an ecological system and/or the toxicity to a 
particular organism. Interactions of NMs with sediments, water and suspended particles 
are especially important as this directly influences their bioavailability [Eggleton & 
Thomas, 2004]. 
The use of zinc oxide nanoparticles (NPs) in products, including cosmetics and 
sunscreens, as a UV filter is a prime example of a multi-risk NM, and the 
characterisation and tracing of these products is of particular concern [Gulson et al., 
2010]. The degree of dissolution undergone by ZnO NPs has been shown to result in 
comparable toxicity to that of a soluble Zn source, in various ecotoxicological 
laboratory test systems (e.g., Fabrega et al. [2012]; Franklin et al. [2007]; Hooper et al. 
[2011]) whilst other studies have found increased toxicity [Shaw & Handy, 2011; Zhu 
et al., 2009]. Investigations are often performed in simple systems, due to the lack of 
suitable methods to trace ZnO NPs in a complex environment [Larner & Rehkämper, 
2012]. The high and variable natural Zn background, however, means that exposures in 
one, or several components are often performed at significantly elevated concentrations 
relative to expected environmental levels, and consequently, the toxic effects seen for 
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ZnO NPs cannot be differentiated from the effects of high concentrations of ionic Zn 
due to NP dissolution. 
The ability to establish the behaviour and fate of nanomaterials at exposure 
concentrations representative of real environmental conditions is of utmost importance. 
Concentration changes of a particular element due to the presence of NMs are relatively 
straightforward to determine at realistic environmental exposure levels for materials 
composed of low background elements such as Au and Cd [Ferry et al., 2009; Sanders 
et al., 2008]. Conversely, for NMs with constituent elements such as Cu and Zn, where 
the background is high and variable [Albarède, 2004], concentration data alone are 
insufficient to trace the distribution and pathway of corresponding NMs, and alternative 
methods are required to enable the detection of these materials at relevant exposure 
concentrations [Croteau et al., 2011; Dybowska et al., 2011; Fabrega et al., 2012; 
Gulson et al., 2012; Gulson et al., 2010; Gulson & Wong, 2006; Larner & Rehkämper, 
2012]. 
For ZnO NMs, several studies have shown that highly sensitive detection can be 
achieved using purpose-made ZnO NPs labelled with a stable Zn isotope [Croteau et al., 
2011; Dybowska et al., 2011; Gulson et al., 2012; Gulson et al., 2010]; the resultant 
change in Zn isotope ratios within experimental compartments can be utilized to 
determine changes in Zn concentration due to the NM exposure, whilst the handling 
difficulties and time restrictions associated with radioactive tracing are avoided. 
Modelling studies [Larner & Rehkämper, 2012] have shown how to implement this 
stable isotope tracing technique for a range of isotope ratios and demonstrated that the 
most sensitive detection of stable isotope labelled ZnO NMs is achieved by 
measurement of the corresponding isotope ratios using multiple-collector inductively 
coupled plasma mass spectrometry (MC-ICP-MS). This high precision technique allows 
the detection of Zn from ZnO NPs, at ecotoxicologically relevant exposure 
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concentrations, against high natural background levels. For example, 68ZnO 
nanoparticles can be reliably detected at concentrations of 5 ng/g in samples with a 
natural Zn background of 100 µg/g. 
Corophium volutator [Pallas, 1766] (Fig 5.1) is a burrowing sediment dwelling 
amphipod that feeds on particulate matter from the sediment surface and/or from 
suspended particles [Riisgard et al., 2001]. These organisms are an important part of 
many mudflat ecosystems and are used as a standard acute sediment toxicity test species 
in Europe [PARCOM, 1993; Scarlett et al., 2007]. C. volutator preferentially 
accumulate soluble metals and metals bound to particulate fractions of sediment, which 
can cross respiratory surfaces [Galay Burgos & Rainbow, 1998; Icely & Nott, 1984; 
1980].  This accumulated metal must either be detoxified or excreted; C. volutator store 
accumulated trace metals in an insoluble form in the cells of the ventral caeca 
(hepatopancreas, Fig 5.1), where they are bound to organic molecules in characteristic 
metal-rich sphaerites [Fabrega et al., 2012; Marsden & Rainbow, 2004]. 
Here, the successful application of the stable isotope tracing technique to a 
multi-component microcosm (organism, sediment, water) is demonstrated, fully 
characterised for 68ZnO NPs, bulk 68ZnO and soluble 68Zn, alongside unexposed 
controls. The distribution of 68Zn from the various labelled materials is compared in a 
water-borne exposure at environmentally relevant Zn concentrations, to C. volutator 
residing in sediment, following OECD test guidelines. The purpose of this exposure is 
to assess bioavailability and to test hypotheses relating to fate, pathways and uptake 
mechanisms of nanoparticulate Zn as compared to bulk material and dissolved Zn. 
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Figure 5.1. The amphipod, Corophium volutator, and the mudflat residence. 
(a) Image of male C. volutator [CMB, 2010] (b) simplified anatomical sketch depicting 
the alimentary canal. (c) Image [NSDNR, 2012] and (d) sketch of C. volutator with it’s 
characteristic u-shaped burrow in sediment. C. volutator are deposit feeders, which 
scour the surface of mudflats and ingest particles. Scale = approximately 5 mm. 
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5.2. Experimental 
 
5.2.1. General procedures and materials for exposures 
All acids for sample manipulation were prepared from quartz distilled AnalaR 6 
M HCl and 15.4 M HNO3, diluted with 18 MΩ cm H2O (Millipore) if necessary. All 
glassware and HDPE was pre-cleaned in AnalaR 3 M HNO3 for 24 h and triple rinsed in 
18 MΩ cm H2O. Ultra-clean Teflon vials were used at all other times to minimise Zn 
blank contribution. Artificial seawater (Tropic Marine Salt ‘ASW’; pH = 8 ± 0.4, 
salinity = 25 ± 0.6 ppt, at 12 ± 0.8 ºC) was used in all exposures, as the medium for 
dialysis experiments and relevant particle characterisation.  
 
5.2.2. Stable isotope labelled material  
Isotopically enriched 68Zn metal and bulk 68ZnO powders were purchased from 
Isoflex (USA). The isotopically labelled ZnO nanoparticles were synthesised by 
hydrolysis from a 68Zn acetate precursor initially formed from 68Zn metal [Dybowska et 
al., 2011], to give a 68ZnO NP suspension in diethylene glycol (DEG) media. Individual 
stock exposure solutions of soluble Zn, nanoparticulate ZnO and bulk ZnO were 
prepared immediately prior to exposure, using ASW and one of these three 68Zn forms 
as follows, adhering to the protocol outlined by the National Physics Laboratory 
[Prospect, 2009] where relevant. The nanoparticulate and bulk 68ZnO stocks were 
prepared by addition of 1.4 mL 68ZnO NP suspension (700 mg/L) or [68ZnO bulk (1.2 
mg) + 1.4 mL DEG] to 10 mL ASW respectively, and sonicated by probe for 2 x 10s. 
These suspensions were then diluted with ASW in 1 L volumetric flasks to give 
nominal 68Zn-label concentrations of approximately 1 µg/mL. 68ZnCl2 was formed by 
dissolution of 68Zn metal (2.5 mg) in 12 M AR HCl (100 µL) and diluted with 18 MΩ 
cm H2O (900 µL). A fraction of this solution was subsequently diluted with the 
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appropriate ASW-DEG (714:1) mixture to give a nominal ionic exposure solution of 
approximately 280 ng/mL 68Zn in chloride form. This lower concentration for ZnCl2 
exposures, relative to ZnO, is to avoid the inhibitory growth effects due to higher ionic 
Zn concentrations on C. volutator, for the time frame of this exposure [Fabrega et al., 
2012]. A control solution (1 L) of the ASW-DEG mixture was also prepared. The 
toxicity of the DEG-ASW mixture to the organism was established prior to this study, 
and no adverse effects were recorded at the DEG concentrations used herein. The final 
Zn concentration and isotopic composition of all exposure media was determined by 
MC-ICP-MS. 
 
5.2.3. Particle characterisation 
The composition of both ZnO forms and Zn metal was confirmed using X-ray 
diffraction (Enraf Nonius coupled with INES CPS 120 position sensitive detector with 
Co Kα radiation) at the Natural History Museum, London (NHM); with the appropriate 
methods as described in Dybowska et al. [2011]. Prior to exposure, zeta potential and 
hydrodynamic diameter (Z-average size) of particles suspended in 18 MΩ cm H2O (25 
ºC) were measured using dynamic and electrophoretic light scattering (Zetasizer Nano 
ZS, Malvern Instruments Ltd) at the NHM, and were found to be +17.2 ± 0.5 mV and 
33.0 ± 0.1 nm (PDI = 0.375) for the 68ZnO NP, and -23.7 ± 0.23 mV and 650 ± 170 nm 
for the bulk 68ZnO. Sizes and shapes were also investigated using TEM (Hitachi 7100, 
100 kV) and SEM (Ultra Plus FESEM, Carl Zeiss) on particles deposited on carbon 
coated Cu grids (300 mesh, Agar Scientific) for TEM imaging and on Si wafer on Au-
Pd coated Al stub for SEM imaging (Fig. 5.2). To investigate the influence of ageing, 
the 68ZnO NP (stored in suspension) and bulk 68ZnO (stored as powder) were re-
characterised five months later at the University of Birmingham, using dynamic and 
electrophoretic light scattering (Zetasizer Nano ZS ZEN3600, Malvern instruments), 
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and TEM (JEOL 1200EX) on particle suspensions drop-deposited on formvar/carbon 
coated Cu-grids (300 mesh, Agar Scientific). Considerable changes had occurred during 
storage, and the hydrodynamic diameters and zeta potentials were found to be -4.4 ± 
0.38 mV and 1400 ± 220 nm (PDI = 0.4) for 68ZnO NP, and -14 ± 2.2 mV and 390 ± 60 
nm bulk 68ZnO, while TEM-micrographs indicated aggregation of the particles (Fig. 
5.2). 
 
5.2.4. Animal husbandry 
Sediment and C. volutator organisms were collected from an intertidal area of 
the Otter estuary, south Devon (OS grid reference: SY065820); a site of low 
anthropogenic pollution levels. C. volutator were transported back to the laboratory and 
acclimated at 12 °C in trays containing natural sediment and overlaying 50 mm of 25 
ppt ASW, in a 12:12 h light:dark cycle for 7 days before experimentation. C. volutator 
are fed weekly with 2 drops of aquarium invertebrate food (Liquefy Marine, Interpret 
Ltd., Dorking, UK). Total organic content and sand to silt ratio (63 µm cut-off) of the 
sediment were found to be 6.11 ± 3.8 % and 61.2:38.8 respectively. The sediment Zn 
background concentrations were 67.8 ± 29.6 µg/g (1 SD). 
 
5.2.5. Acute exposure  
An acute 10-day water exposure was performed on C. volutator, which was 
based on a modified static system according to the USEPA [2001] and Scarlett et al. 
[2007]. Parallel exposures of C. volutator to labelled 68ZnO NPs, bulk 68ZnO and 
soluble 68ZnCl2 (8 tanks per exposure type, 15 organisms per tank) were performed with 
the exposure stock solutions (150 mL), in the presence of approximately 26 g wet 
sediment. Sediment and water were added to the tanks 24 h before the organisms to 
allow the test system to settle. On the day of exposure, adult organisms (4-7 mm) were 
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harvested by sieving the upper 3 cm of the collected sediment through a 300 µm 
nominal pore sieve. Animals were not fed during the experiment.  
 
5.2.6. Equilibrium dialysis  
The rate and extent of dissolution for both bulk and nanoparticulate 68ZnO in 
ASW was established by equilibrium dialysis. For this, pre-rinsed 10 cm dialysis cells 
(1000 Da molecular weight cut-off) were filled with 18 MΩ cm H2O and placed in 
either bulk or nanoparticulate 68ZnO – ASW stock exposure suspensions (1 µg/mL Zn, 
1.5 L), and stirred for 7 days. Membranes were removed at 0 h and every subsequent 24 
h, and aliquots of the media outside the membranes were collected at 0 and 148 h. The 
samples collected outside of the dialysis membrane were used to verify that equilibrium 
had been reached and to monitor if any material still remained in suspension. 
 
5.2.7. Post-exposure sample preparation  
After the exposure duration, 20 mL water samples were collected from 3 tanks 
per exposure type, via pre-cleaned syringe, from the centre of the water column and 
transferred to a Teflon beaker. The remaining water was then decanted from the 
sediment, and a sediment core carefully removed with a pre-cleaned plastic corer, from 
the base of the same tanks and sealed within this apparatus.  C. volutator were sifted 
from the sediment, the number of alive, dead and missing organisms were recorded and 
separated for subsequent analyses. For each exposure type, five C. volutator per tank 
were dissected to isolate the hepatopancreas, which were then combined and stored in 
50 µL 15.4 M HNO3 in a Teflon digestion inset vial. A further five organisms were 
freeze-dried whole, and stored in individual pre-cleaned 0.5 mL Eppendorf safe-lock 
tubes. 
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Samples were prepared for isotopic analysis in Class 10 laminar flow hoods in 
the Class 1000 MAGIC Clean Room Laboratory, Imperial College London. Biological 
samples were digested in a MARS Microwave Digestion System (CEM Corp., UK) 
with XP-1500 Plus™ (PTFE) vessels with 2 x 7 mL PTFE insets per principle vessel. 
Either a single whole C. volutator or 5 pooled hepatopancreas samples per inset were 
digested with 0.6 mL 15.4 M HNO3 and 0.4 mL 30 % H2O2 for 90 min at 210 °C and 
250 psi. Following this, the biological samples were evaporated to dryness at 150 °C. 
Sediment samples (~10 mg) were digested on a hotplate in closed clean Teflon vials 
with a series of acids at 120 °C, with drying at 120 °C between stages: (i) 3:1 [28 M 
HF]:[15.4 M HNO3] for 48 h with intermittent water bath ultra-sonification, (ii) 6 M 
HCl for 24 h, (iii) 3:1 [15.4 M HNO3]:[6 M HCl] for 48 h. Due to resistant organic 
content, a final digestion in an open Teflon vial with 4:1 [15.4 M HNO3]:[9 M HClO4] 
at temperature increments of 70, 100, 140 and 180 °C for 30 min each was performed, 
before drying at 215 °C. These sediment samples were dissolved in 1 mL 6 M HCl and 
evaporated again at 215 °C to remove any remaining residue originating from the 
perchloric acid. A specialised laminar flow hood with water washed exhaust was used 
for steps incorporating HClO4 or associated residue, due to the potentially explosive 
nature of this acid.  
Digested sediment and biological samples were dissolved in 1 mL 1 M HCl, and 
water samples (5 ml) were acidified to 1 M HCl with 1 mL 6 M HCl, prior to pre-
concentration of Zn from the sample matrix, which was performed via anion exchange 
chromatography, in an adaptation of the method by Arnold et al. [2010] (Table 5.1). 
The Zn fractions were collected and evaporated to dryness at 150 ˚C. These were then 
twice dissolved in 100 µL 15.4 M HNO3 and evaporated at 150 °C prior to final 
dissolution in 0.1 M HNO3 for analysis with MC-ICP-MS. 
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Table 5.1. Anion exchange chromatography protocol used to pre-concentrate Zn from 
sample matrices (adapted from Arnold et al. [2010]), prior to isotope composition 
measurement using MC-ICP-MS. 
Procedure Acid Volume 
Cleaning 0.1 M HNO3 
H2O 
2 x 8 mL 
0.5 mL 
Conditioning 6 M HCl 1 ml, 7 mL 
Equilibration 1 M HCl 4 x 0.5 mL 
Sample loading 
sediment/tissue 
water 
 
1 M HCl 
6 M HCl 
 
in 1 mL 
1 ml added to 5 mL sample 
prior to loading 
Matrix removal 1 M HCl 3 x 1 mL, 5 mL 
Zn collection 0.01 M HCl 6 mL 
 
	  	  
Table 5.2. Operating conditions for the Aridus desolvating nebulizer system and the 
Nu Plasma MC-ICP-MS. 
Aridus nebulizer system 
Argon sweep gas ~4 L min-1 
Nebulizer pressure ~30 psi 
Sample uptake rate ~100-120 µL min-1 
Nu Plasma MC-ICP-MS 
Acceleration voltage 6000 V 
Mass resolution (M/ΔM) ~400 
Rf power 1300 W 
Coolant Ar 13 L min-1 
Auxiliary Ar 1 L min-1 
Faraday cup resistors 1011 Ω 
Sensitivity for Zn & Cu 150-200 V ppm-1 
Transmission efficiency for Zn, Cu ~0.05% 	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5.2.8. Mass spectrometry  
All concentration and isotope composition analyses were performed using the 
Nu Instruments Nu Plasma HR MC-ICP-MS at the MAGIC Laboratories, Imperial 
College London. Sample introduction was via an Aridus (Cetac) desolvating system and 
glass Micromist nebulisers. Isotope measurements were performed as previously 
described [Larner & Rehkämper, 2012] with the instrumental settings given in Table 
5.2. A reference solution for each mass spectrometry analysis session was prepared with 
a 5 ppm in-house Zn reference solution ‘London Zn’ and a 2 ppm Cu commercial 
reference solution (Romil, UK), to give concentrations of [25 ppb Zn – 25 ppb Cu] to 
[50 ppb Zn – 50 ppb Cu] in 0.1 M HNO3. Prior to isotope analysis, total Zn 
concentrations of all samples were determined by analysis of 5 % sample aliquots to 
facilitate suitable sample dilution. Appropriate sample volumes were then admixed with 
2 ppm Romil Cu and diluted with 0.1 M HNO3, to match the concentration of the 
corresponding reference solution. The reference solution was used as a ‘bracketing 
standard’, and measured either side of each sample analysis, which in conjunction with 
the exponential law allowed correction of instrumental ion beam fluctuations and mass 
bias, as described in literature [Larner & Rehkämper, 2012; Larner et al., 2011; Nielsen 
et al., 2004]. 
 
5.2.9. Mass balance calculations and bioconcentration factors 
The mass balance between natural Zn and 68Zn derived from labelled material in 
each sample was determined using calculations outlined in Larner & Rehkämper 
[2012]. Briefly, the 68Zn/66Zn isotope ratio of each sample and the total 66Zn 
concentration were used with the isotopic composition of the original exposure material, 
and that of the in-house reference solution London Zn, to calculate the absolute quantity 
of total Zn, and total 68Zn due to the label, in each analysed sample. The original sample 
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weights were then used to determine the concentration of each Zn exposure source 
within the multiple experimental compartments of the relevant system. The 
bioconcentration factor (BCF), defined as the ratio of the contaminant concentration in 
the tissues of the organism to the organism exposure concentration [Bat et al., 1998; 
Pipan-Tkalec et al., 2010] was calculated using both water and sediment 68Zn-label 
concentrations. 
 
5.2.10. Coherent anti-Stokes Raman spectroscopy  
Coherent anti‐stokes Raman scattering (CARS) microscopy was used to observe 
if uptake of ZnO into the gut of the exposed organisms occurred, at the University of 
Exeter. This method is a multi-photon 3D imaging technique with sub-cellular 
resolution based on contrasting structures, on a distinctive molecular vibration within 
the sample. It is a non‐invasive technique, does not require labelling or staining of the 
samples and has proven useful for localising metal oxide nanoparticle aggregates within 
tissues [Galloway et al., 2010; Johnston et al., 2010; Moger et al., 2008]. At the 
University of Exeter, dissected hepatopancreata from exposed and unexposed C. 
volutator were rinsed three times with ASW, placed in glass bottomed Petri dishes and 
CARS imaging performed on the samples, as described by Moger et al. [2008]. Three-
dimensional data were acquired by taking stacks of two-dimensional images in the x-y 
plane each separated by an increment in the z-direction, which was achieved by 
alteration of the objective focus. Due to the directional nature of CARS generation, 
simultaneous forwards- and epi-detection is desirable [Cheng & Xie, 2004]. Cellular 
structure was imaged using the CH2 stretching vibration (2855 cm-1) collected in the 
forward direction. Contrast of ZnO particles was achieved by imaging with a vibrational 
frequency away from naturally occurring vibration resonances (~2300 cm-1) and the 
signal collected in the epi-direction to enhance the detection of sub-wavelength particles 
Ph. D. Thesis – Fiona Larner 102	  
[Moger et al, 2008]. The forwards- and epi- detected images were merged in false 
colour to co-localise the position of the ZnO particles with surrounding cellular 
structures. 
 
5.2.11. Scanning Transmission Electron Microscopy (STEM) and Energy-
dispersive X-ray spectroscopy (EDX)  
The distribution of Zn and other elements in the gut, hepatopancreas and 
surrounding tissues of C. volutator was investigated by scanning transmission electron 
microscopy (STEM) imaging and energy-dispersive X-ray spectroscopy (EDX) element 
analysis at the University of Birmingham. Whole C. volutator and dissected 
hepatopancreata were fixed in 2% gluteraldehyde (made in ASW) for 3-5 h, washed 
three times with 0.1 M phosphate buffer and then fixed in 1% osmium tetroxide (made 
in phosphate buffer) for 1 h. A series of ethanol:water mixtures was used to dehydrate 
the samples. Samples were then embedded in TAAB resin and left to polymerise at 60 
°C for 24 h. Embedded samples were sectioned transversally in ~ 150 nm slices. 
Samples were not stained, to avoid formation of background precipitates that could 
potentially interfere with the chemical analysis and detection of the granules formed in 
the hepatopancreas.  
On each sample, 5-6 different areas in the gut, gut wall, hepatopancreas and 
surrounding tissues were imaged by STEM (JEOL 7000F), and EDX-spectra (Oxford 
Inca) were acquired at 5-20 points in each STEM-micrograph, with emphasis on 
particles in the gut and granules in the hepatopancreas (Fig. 5.3). Scanning electron 
microscopy (SEM) images from backscattered electrons were acquired using the same 
instrument (JEOL 7000F), and were utilised to distinguish metal particles from 
surrounding organic tissue (Fig. 5.4). 
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5.3. Results and discussion 
 
5.3.1. Particle behaviour in exposure media  
A homogenous dispersion of NP and bulk ZnO in ASW, prior to the addition of 
this exposure medium to the experimental system, is challenging to achieve due to the 
rapid agglomeration of this material at high ionic strengths [Bian et al., 2011; Ferry et 
al., 2009; Keller et al., 2010]. This (near-)immediate agglomeration in ASW of both NP 
and bulk ZnO is demonstrated by (i) the reduced initial concentrations of 68Zn label 
outside of the membrane in the equilibrium dialysis experiments (Fig. 5.2a) in 
comparison with the nominal 68Zn concentration (i.e. 1 µg/mL) and (ii) by TEM images 
(Fig. 5.2b-e). The initial concentration determined for the 68ZnO NP exposure (Table 
5.3) shows the nominal exposure concentration was reached, and therefore the same can 
be presumed for equilibrium dialysis. Equilibration of the 68ZnO NPs, in ASW only, 
therefore occurs at approximately 60% dissolution of the NPs following aggregation 
and precipitation (Fig. 5.2). The initial 68Zn-label concentration of 245 ng/mL was 
determined for the exposure of bulk 68ZnO-ASW solution, which, like 68Zn-label initial 
concentration of the ZnO bulk equilibration dialysis media (70 ng/mL, Table 5.3), was 
lower than the nominal concentration (1 µg/mL). A system mass balance of total label 
68Zn revealed that an exposure concentration of at least 750 ng/mL was accounted for in 
the bulk 68ZnO exposure; the reduced measured concentration can be attributed to 
particle aggregation and consequential heterogeneous nature of the suspension, i.e. the 
sampling volume was not representative of the total suspension. In addition, the initial 
Zn concentration determined for the ZnO NP dialysis also supports this postulation. 
Hence, even with a conservative error of 25% applied to the nominal equilibrium 
dialysis concentration, a maximum dissolution of 5% is possible for the ZnO bulk 
material. Considering the magnitude of difference in the dissolution between NP and 
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Figure 5.2. Morphology of nanoparticulate (NP) and bulk 68ZnO. 
(a) The particle behaviour in exposure media, ASW, was assessed by equilibrium 
dialysis over a 148 h period. Dissolved 68Zn concentration due to the isotope label 
(NP, green; bulk, purple) determined inside (open symbols) and outside (closed 
symbols) the dialysis cell, measurement error encompassed by symbols. TEM images 
of the 68ZnO NP in 18 MΩ cm-1 H2O (b) show agglomerates of approximately 30 nm, 
composed of smaller sub-10 nm primary particles, (scale: 100 nm, inset 20 nm) whilst 
68ZnO NP in ASW agglomorate and dissolve quickly (c, scale: 2 µm). 68ZnO bulk 
particles in 18 MΩ cm-1 H2O (d, scale: 500 nm, inset 50 nm) and in ASW (e, scale: 2 
µm, inset 200 nm) showing polydispersity in size and shape as well as agglomeration. 	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bulk ZnO in the ASW media (i.e. 60% v.s. 5%), the discrepancies in initial exposure 
concentration are negligible in comparison and the differences in final dissolved content 
in ASW media only are secondary to the major findings from this complex 
experimental scenario. 
 
5.3.2. Survival and bioconcentration factor  
After the 10-day exposure period, survival was above 80% in the control, bulk 
and NP system; most fatalities were observed in the soluble exposure system (76% 
survival). Bioconcentration factors (BCF) for all exposures relative to water were within 
uncertainty, whereas higher BCFs relative to sediment were seen for 68Zn-label derived 
from nano ZnO and soluble Zn forms than for the ZnO bulk exposure (Table 5.3). 
 
5.3.3. Whole organism and hepatopancreas imaging  
Aquatic invertebrates can take up trace metals directly from seawater across 
permeable body surfaces in addition to contributions from food and sediment [Bat et al., 
1998; Depledge & Rainbow, 1990]. C. volutator feed on organic matter on the sediment 
surface or suspended particles by drawing this food into U-shaped burrows [Gurdol & 
Hughes, 1994; Miller, 1984; Riisgard et al., 2007]. The C. volutator alimentary canal 
comprises of a foregut, midgut and hindgut (Fig. 5.1; Icely & Nott, 1984), with a 
midgut caeca, or hepatopancreas, which runs along the length of the midgut. It is within 
the hepatopancreas that accumulated trace metals are stored in characteristic metal-rich 
sphearites, composed of insoluble metal bound to organic molecules [Fabrega et al., 
2012; Marsden & Rainbow, 2004]. CARS analysis showed Zn-containing accumulates 
in the alimentary tract of C. volutator exposed to 68ZnO NPs and bulk whilst also 
locating them in an organism exposed to 68ZnCl2 (Fig. 5.3). The resolution of CARS is 
insufficient to identify individual NPs, therefore STEM-EDX was used to further 
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Figure 5.3. CARS and STEM-EDX imaging.  
(a) Schematic lateral view of the C.volutator alimentary canal [Icely & Nott, 1984]. 
CARS images: (b) Aggregates of Zn (red) passing through the alimentary canal of a whole 
organism exposed to 68ZnCl2, (c) Hepatopancreas of unexposed organism (d) 
hepatopancreas of organisms exposed to soluble 68ZnCl2, (e) bulk 68ZnO and (f) 68ZnO 
NPs. Scanning transmission electron micrographs of organisms exposed to (d-2) 68ZnCl2, 
(e-2) bulk 68ZnO and (f-2) 68ZnO NPs exhibiting sphaerites formed in hepatopancreatic 
cells. EDX profile of sphaerites in organisms exposed to soluble (d-3) 68ZnCl2, (e-3) bulk 
68ZnO and (f-3) 68ZnO NPs showing the presence of Zn. H = hepatopancreas; M = midgut, 
CARS scale = 50 µm, STEM scale = 1 µm, EDX scale = 170 counts (d-3), 354 counts (e-
3), 488 counts (f-3). Large Cu and Os peaks observed on EDX due to use of copper TEM 
grids and osmium-rich fixative respectively.   	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analyse the gut, hepatopancreas and surrounding tissue. There was no evidence for the 
presence of individual nanoparticles, but Zn-enrichment was observed on some Si and 
Al-rich particles within the gut (Fig. 5.4). In addition, characteristic accumulations of 
Zn-containing sphearites were idenitified [Fabrega et al., 2012; Marsden & Rainbow, 
2004] in the hepatopancreas of exposed animals for all exposures as well as the control, 
however, the levels of Zn detected within the sphearites for exposed organisms (Fig. 
5.3) were higher than those in control animals. This demonstrates the ingestion and 
internal processing of Zn in either ionic or oxide form at the exposure levels (Table 5.3) 
and can be attributed to the increased Zn concentration in the exposure environment.  
 
5.3.4. 68Zn-label concentrations and diagnostic 68Zn/66Zn isotope ratios  
The total Zn concentration, the Zn concentration of the 68Zn-label and the 
diagnostic isotope ratio 68Zn/66Zn (composed of the labelled Zn isotope relative to a Zn 
isotope present from a natural source only) were determined for each exposure type and 
the compartments within them (Table 5.3). The deviation of the 68Zn/66Zn isotope ratios 
from the natural values (as constrained by the controls) displayed the presence of the 
labelled 68Zn in all compartments, including the hepatopancreas, of each ZnO NP, ZnO 
bulk and ZnCl2 exposures (Table 5.3). The comparison between the total Zn 
concentration and the total labelled 68Zn concentration (Table 5.3) shows the high 
background concentration of Zn, the heterogeneity of natural Zn distribution across 
geological and biological samples (even within a single source of the estuarine 
sediment) and highlights the advantage of using isotope enrichment to trace 
environmentally relevant concentrations of ZnO NPs.  
For the assessment of concentrations and isotope ratios, the average of several samples 
were used in order to compare differences in Zn uptake, pathway and fate. The 
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Figure 5.4. Examples of typical electron micrographs and associated EDX-spectra of 
tissue samples from Corophium volutator.  
STEM-micrograph (a) and associated EDX-spectrum (i), showing background of elements 
in close vicinity to sphaerites in tissue of organism exposed to soluble Zn. STEM-
micrograph (b) and corresponding SEM-micrograph from backscattered electrons (c) from 
gut of organism exposed to bulk 68ZnO with EDX-spectra (ii) from Si and Al-rich particle 
with associated Zn. STEM-micrograph showing the gut of organism exposed to 68ZnO-
NPs (d). Higher magnification STEM-micrograph (e), and corresponding SEM-
micrograph from backscattered electrons (f), with associated EDX-spectra from Fe-rich 
nanoparticle (iii), Si and Al-rich particle (iv) and Ti-rich nanoparticle (v). Scale: 1 µm. 
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concentration of 68Zn-label in both the sediment and C. volutator is an order of 
magnitude higher than in the corresponding water for each exposure type, however, the 
concentrations found in the organism approximately scale with the dissolved Zn found 
in the water (Table 5.3). A whole system mass balance constructed from the labelled 
68Zn concentrations in each compartment (Fig. 5.5) revealed that the largest Zn sink is 
in the sediment.  
The exceptionally small mass of the hepatopancreas rendered a sample weight, 
and therefore Zn concentration data, unattainable within a reasonable margin of error. 
The ratio between the labelled 68Zn and total Zn concentrations removes natural 
concentration variations as a factor, and shows the distribution of 68Zn-label between 
the compartments for each exposure type (Fig. 5.5), thereby allowing the comparison of 
68Zn-label within the hepatopancreas, across exposure types.  
 
5.3.5. Pathway and fate of isotopically labelled ZnO NP, bulk and ZnCl2  
The dialysis experiments and TEM images (Fig. 5.2) demonstrate that, 
following initial dispersion in the exposure media, both ZnO nano and bulk particles 
aggregate/agglomorate due to the high ionic strength of the water, and the oxides 
dissolve to produce ionic Zn. The final Zn isotope label concentrations in the water for 
all exposures was significantly reduced by at least a factor of 10, in comparison to that 
shown with equilibrium dialysis and was not dependent on the initial exposure 
concentrations. The aggregation of particles results in sedimentation of ZnO, however, 
this can be discounted as the major contributing factor for the high sediment 68Zn-label 
concentrations, due to the similar behaviour exhibited by the 68ZnCl2 exposure. The 
similarity between the NP and soluble exposure mass balance indicates dissolved Zn 
contributes important processes to the Zn fate of ZnO NPs, despite the low 
concentrations of NP derived Zn in the water; this 68Zn-label distribution reveals a 
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Figure 5.5. System mass balance and normalised labelled Zn levels.   
The distribution of 68Zn from bulk, nanoparticulate 68ZnO and soluble 68ZnCl2 
exposure materials within the experimental system show a sequestration of Zn into the 
sediment for all exposures. (a) Average mass fractions of 68Zn-label (n=3, ± range) 
and (b) [Labelled 68Zn]/[total Zn] ratio, for each compartment (sediment, water n=3, ± 
range; C. volutator, hepatopancreas n=6, ± 1SD). The ratio between the labelled 68Zn 
and total Zn concentrations removes natural concentration variations as a factor, and 
shows the distribution of 68Zn-label between the compartments for each exposure type, 
thereby allowing the comparison across exposure types. 
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mechanism that transfers dissolved Zn from the water column to the sediment. A 
process, which inhibits the dissolution of both NP and bulk ZnO in the presence of 
sediment and/or C. volutator is discounted, as this would not explain the reduced 
aqueous Zn concentrations observed for the soluble Zn exposure. A total of 
approximately 7, 33 and 88 µg of Zn are transferred from the water to the sediment for 
bulk ZnO, ZnCl2 and ZnO NP exposures respectively. The possible candidates for this 
sequestration of Zn are sediment interactions with (i) ZnO, (ii) ionic Zn or (iii) both 
forms, and (iv) intake and defecation of the Zn by C. volutator. These organisms have 
the potential to transfer Zn from the water column to the sediment via the process of (i) 
Zn uptake (via water or sediment feeding), (ii) absorption of Zn into epithelial cells, (iii) 
metal detoxification to form Zn rich sphaerites [Fabrega et al., 2012; Marsden & 
Rainbow, 2004], and then (iv) defecation of these sphaerites at the end of the epithelial 
cell cycle [Galay Burgos & Rainbow, 1998]. However, within a ten-day exposure, C. 
volutator are still in a phase of metal accumulation [Galay Burgos & Rainbow, 1998], 
and the epithelial cell cycle during this period does not allow for quantitative defecation 
of the 68Zn-label required to reconcile the system mass balance – a maximum of 13 ng 
per experimental tank can be defecated based on approximate calculations derived from 
Galay Burgos & Rainbow [1998]. Alternatively, Jain et al. [2004] demonstrated that at 
Zn concentrations equal to those at the start of the exposures performed in this study, 
70-90% of Zn was adsorbed to sediment particles; the percentage scaled inversely with 
concentration and equilibrium was attained within 1 h. Sediment adsorption capacities 
within this system based on maximum dissolved Zn content are approximately 5 mg for 
the ZnO bulk exposure, and 36 mg for the ZnO NP and ZnCl2 exposures; a factor of at 
least 5 greater than required. The study by Jain et al. [2004] is not quantitative of this 
investigation, nonetheless this mechanism is a feasible explanation for the observed 
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mass balance. Further investigations into the kinetics of ZnO NP-derived Zn with 
sediment are needed confirm this process.  
 
5.3.6. Bioavailability and uptake of isotopically labelled materials 
The 68Zn/66Zn isotope ratios determined for whole C. volutator was greater 
relative to that of the controls (Table 5.3), and establishes the occurrence of Zn uptake 
from all exposures. Furthermore, the increased diagnostic 68Zn/66Zn ratio of the 
hepatopancreas with respect to controls demonstrates active uptake, as opposed to 
sorption of dissolved Zn or ZnO particles to the organism’s exoskeleton. The presence 
of sphaerites in the hepatopancreas with greater Zn content for all exposures, compared 
to control organs, was confirmed by CARS and STEM-EDX (Fig. 5.3), and therefore 
can be attributed to the increased Zn concentration in the environment of the former. 
Together, these results infer that the Zn sphearites are likely to contain detoxified 68Zn-
label. 
Uptake is in proportion to the dissolved concentration of Zn in the water, and 
not in proportion to the sediment content, as shown by the labelled Zn/total Zn ratio 
(Table 5.3, Fig. 5.5), despite the majority of labelled Zn being present in the sediment 
(Fig. 5.5). The diagnostic isotope ratio indicates that ZnO NP derived uptake is in the 
form of ionic Zn, either from the water column, or by ingestion of Zn-adsorbed 
sediment particles, as the ratio of the whole organism is less than that determined for the 
water or sediment [Larner & Rehkämper, 2012] (Table 5.3). Furthermore, STEM and 
CARS analysis did not provide any evidence for uptake of individual ZnO particles. 
Although Zn-containing accumulates were depicted in the alimentary tract by CARS 
(Fig. 5.3), the presence of these accumulates in the image of an organism exposed to 
soluble Zn (Fig. 5.3) means that these particles cannot be exclusively attributed to the 
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uptake of ZnO agglomerates, if at all, but are more likely to represent Zn sorbed to 
sediment particles, due to the large capacity of the sediment for Zn sorption.  
The particular route of Zn uptake, regarding dissolved Zn in the water or 
adsorbed to sediment, is difficult to clarify within this experiment. Selective feeding by 
C. volutator presented with the choice of Zn contaminated v.s. non-contaminated 
sediment was demonstrated by Bat et al. [1998]. The increase in water/sediment intake 
ratio of C. volutator in areas of contaminated sediment has been shown to occur 
[Kirkpatrick et al., 2006]. The sediment in this study has the potential to become 
contaminated due to a combination of possible routes, for example, (i) ZnO 
agglomorates deposited on sediment surfaces due to precipitation, and (ii) bioturbation 
by C. volutator both potentially burying aggregates in the sediment as well as providing 
a greater amount of exposed sediment surfaces for Zn ion sorption. However, the Zn 
concentration in this system was chosen to be sub-lethal and is well below the lowest 
observed effect concentrations for such behaviour to be of consequence here. A dual 
isotope study, whereby a different enriched Zn isotope is incorporated separately into 
the sediment and water compartments respectively, could be used to determine the 
uptake route of dissolved Zn, similar to that described for ionic Zn by Balcaen et al. 
[2008].  
There is little or no evidence, however from this assessment of the experimental 
system by precise isotope measurements, bioimaging techniques or a combination of 
both methods to indicate ZnO particulate uptake in NP or bulk form. Based on the 
assumption that uptake most likely occurs in the dissolved state, sorbed to ingested 
sediment particles and/or via the aqueous phase, a plausible model describing the fate a 
pathway of ZnO NPs through the experimental system and the uptake of ZnO NP 
derived Zn is proposed (Fig 5.6). Additional experimentation will be required to further 
test this hypothesised model, but for the results presented here, it can be unequivocally 
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Figure 5.6. A model composed from the observed distribution of 68Zn-label and 
bioimaging.  
The exposure material is dispersed in artificial seawater (1), which results in aggregation 
of ZnO primary particles for both bulk and NP forms (2) and subsequent sedimentation 
(3). Ionic 68Zn2+ is formed by dissolution of oxide precipitates (or immediately after 
dispersion for chloride) (4) and the ions are sorbed onto sediment particles (5). Corophium 
volutator feed on organic matter on the sediment surface or suspended particles by 
drawing this food into U-shaped burrows. Uptake for 68Zn label from all forms of 
exposure material is in the dissolved state; from both the aqueous phase (6), and the intake 
of sediment with sorbed 68Zn2+ ions (7). [Inset] Food is taken in (8) and as the sediment 
and water pass through the alimentary canal, 68Zn2+ ions are detoxified by forming Zn-rich 
sphearites in the hepatopancreas (9). The C. volutator are in a stage of metal accumulation 
for the duration of the exposure, therefore defecation (10) does not include 68Zn-rich 
sphearites. [Gurdol & Hughes, 1994; Icely & Nott, 1984]. 
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established that Zn from ZnO NPs is bioavailable to C. volutator in an environmentally 
relevant estuarine exposure.  
 
 
5.3.7. Implications of ZnO NP exposure in the estuarine environment  
The exposures present no evidence of nanoparticulate uptake, and strong 
implications of dissolved Zn bioavailability. The time scale of ZnO NPs aggregation is 
so short, individual particles are most likely not to come into contact with the organism, 
and the NP precipitate is probably recognised in a similar way to bulk ZnO, and 
subsequently avoided. The toxicity of ZnO NPs, in this ecotoxicological scenario is 
therefore primarily governed by the extent of dissolution to produce ionic Zn. The fast 
sediment kinetics allows sequestration of the Zn from the water column, nonetheless, 
both aggregation of particles prior to dissolution and the binding of dissolved ions 
results in a significantly increased sediment Zn concentration. The final Zn 
concentration of the sediment at this realistic exposure concentration, however, is well 
within the upper limit of 123 µg/g defined by the Environmental Quality Standards 
(EQS) for Hazardous Material [Environment Agency, 2008]. The dissolved Zn 
concentration in the water is also below the statutory EQS value of 40 ng/ml; the 
contribution due to ZnO NPs is only slightly higher than the annual average EQS value 
of 10 ng/ml [Matthiessen et al., 1999]. Although adverse growth and reproduction 
effects on C. volutator have been observed over the course of their 100-day life cycle, 
for ZnO NP exposure concentrations similar to those used in this study [Fabrega et al., 
2012], there was no significant difference between ZnO NPs and ionic Zn. This 
suggests that current EQS values are sufficient to prevent the impact of these materials 
on the environment at current predicted NP levels [DEFRA, 2007].  
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The dissolution of ZnO NPs and the large binding capacity of sediments for 
ionic Zn could result in slowly increasing sediment Zn concentrations due to the long-
term exposure of ZnO NPs to the environment. In this study, higher bioconcentration 
factors were seen for 68Zn-label derived from 68ZnO NPs than for soluble Zn and ZnO 
bulk forms. The transfer of this high amount of bioavailable ionic Zn to the wealth of 
living organisms in the estuarine environment and further afield, including potential 
biomagnifications [Jara-Marini et al., 2009], is a concern.  
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5.4. Conclusion 
 
The high precision measurement of stable isotope composition using MC-ICP-
MS, with imaging from CARS and STEM-EDX has shown that Zn from ZnO 
nanoparticles is bioavailable to the sediment dweller, C. volutator, and this 
bioavailability is dependent on the dissolved Zn content of the water column, which is a 
function of particle dissolution and sediment adsorption of the resultant Zn ions.  
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Chapter 6 
 
 
 
 
 
 
 
 
 
 
 
 
Summary and outlook 
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6.1. Conclusions 
 
The studies that were carried out for this Ph.D thesis involved the development 
and application of methods originating in isotope geochemistry to novel and highly 
topical research in the fields of medical and environmental sciences. These 
investigations show that the high precision mass spectrometry afforded by MC-ICP-MS 
can provide important information that is otherwise not accessible.  
A new Cu separation procedure that was developed as part of this thesis research 
(Chapter 2) was subsequently successfully applied in a study of Parkinsonism patients 
(Chapter 3). The results of this work suggest that a full-scale study of the Cu 
metabolism for those with Parkinsonism should be carried out, to provide statistical 
integrity to the findings of this pilot study. In addition, the results also suggest that 
similar studies should be conducted for other conditions related to Cu metabolic 
anomalies, including Alzheimer’s disease. Furthermore, relatively little is known about 
the Cu metabolism of healthy humans. A useful by-product of Cu metabolic 
investigations into medical conditions is that the healthy human Cu metabolism will 
also be fully characterised for the control subjects that are required for such 
investigations.  
The understanding of stable isotope tracing using high precision mass 
spectrometry (Chapter 4) was subsequently applied in a nanoparticle (NP) study that 
utilises the technique of MC-ICP-MS for analyses (Chapter 5). This tracer experiment 
revealed previously inaccessible processes involved in the fate of ZnO NPs for a 
realistic estuarine exposure. The differences in Zn isotope compositions from the 
presence of the tracer, which were resolved in this study, also show that the detection 
limits predicted in Chapter 4 are realistic. The results demonstrate that even lower 
exposure concentrations can be utilised in future work, if this is required or desirable. 
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This application can now be used to detect ZnO NPs at realistic exposure levels in the 
multitude of human, animal and environmental studies commonly undertaken by 
(eco)toxicologists and environmental scientists, in addition to being transferred to other 
elemental systems, such as Ag and Cu, where very small increases in concentration 
would be otherwise undetectable. 
 
 
6.2. Future applications 
 
6.2.1. Biomedicine 
The ability to measure very small differences in the isotope compositions of Cu 
and Zn is not only valuable for tracer experiments, but can also be used to investigate 
natural isotope fractionation of these trace elements in biological systems, another 
relatively new area of scientific interest. In addition to Cu and Zn, iron is a very 
important biological trace element, for example, facilitating the transport of oxygen in 
the blood of humans. The relationship between Cu, Fe and Zn in the human metabolism 
is significant, however the interplay of these metals is still a principal topic of 
investigation (e.g., Kocatürk et al. [2000]; Collins et al. [2010]) with a large number of 
processes not fully understood.  
The considerable number of redox processes crucial to the operation of 
biological systems leaves vast scope for natural isotope fractionation of Cu and Fe. 
Redox processes will not directly affect zinc, as there is only one stable oxidation state 
(Zn2+) in natural systems. However, Zn features complex co-ordination chemistry with a 
range of amino acid ligands, and this provides many opportunities for isotope 
fractionation [Albarède et al., 2011], such as that seen for plants [Moynier et al., 2008; 
Weiss et al., 2005]. In addition, excess intake of Zn is known to obstruct Cu absorption 
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due to a competition for binding sites [Zatta & Frank, 2007], thus providing an 
opportunity to investigate the competition between redox processes and ligand co-
ordination (e.g., Albarède et al. [2011]). Differences or changes in isotopic composition 
may therefore be used to investigate previously elusive processes, both in healthy 
populations and in subjects suffering from disease or disorder. However, distinguishing 
these differences is challenging, due to the multiple biological processes that Cu, Fe and 
Zn participate in. De-convoluting the message from these elements therefore requires a 
multi-directional approach, from the molecular scale to the analysis of macroscopic 
sample sets (e.g., blood, urine), and which applies both enriched isotope tracers and 
studies of natural fractionations. 
Comparison of the natural Cu, Fe and Zn isotopic compositions from a healthy 
population, with that of a group suffering from a medical condition, may provide 
insights to both healthy and impaired metabolisms. For example, if there is more than 
one process involved in the absorption of a particular metal, isotope fractionation could 
be induced [Albarède et al., 2011]. ‘Knock-out’ and ‘knock-down’ genotypes are 
widely used in biology, by removing or partially inhibiting a particular biological 
pathway respectively, to observe the significance of a process and its relationship to 
other mechanisms. The isolation of processes either (i) at the cellular scale in ‘knock-
out/down’ systems, or (ii) by comparing isotope compositions of controls with subjects 
that feature an inhibited metabolism as a ‘knock-down’ substitute, may make it possible 
to identify the significance of individual pathways, which are not currently understood. 
Particularly in systems where a specific process is not present (perhaps due to a 
disease), isotope fractionation may be altered compared to healthy subjects, and hence 
the processes identified. Such information may prove to be unattainable when only 
investigating healthy populations.  
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Viable separation methods and MC-ICP-MS analysis routines are now available 
for Cu [Larner et al., 2011], Fe [Stenberg et al., 2003] and Zn [Ohno et al., 2005] stable 
isotope analyses of biological samples and their application has been demonstrated in a 
(relatively) small number of studies, of generally limited scope, for Fe [Bullen & 
Walczyk, 2009; Hotz et al., 2011; Krayenbuehl et al., 2005], Zn [Albarède et al., 2011] 
and Cu [Larner et al., 2012]. Such investigations possess the capacity to provide 
considerable insights for a large range of processes that are not yet understood. For 
example, analyses of tissues (e.g., liver, kidney, muscle) have recently been 
demonstrated in animal studies [Balter et al., 2010] to provide significant information in 
the processing of metals. However, the relevance of animal models to describe or 
predict human physiology is a source of heated debate [Pound et al., 2004; Shanks et 
al., 2009] and the extremely invasive techniques and severe ethical issues associated 
with sampling humans to collect the same information render this investigative 
approach unattractive. Conversely, a difference in metal metabolism, due to a problem 
with the absorption, transfer or retention of metals, may result in an altered isotopic 
composition seen in the blood (whole or serum), urine or faeces. Beneficially, the 
collection of the latter sample types is routinely performed for humans within the 
biomedical community and is non-invasive, whilst holding potentially highly significant 
results.  
Furthermore, methods for stable isotope analyses of other trace and ultra-trace 
elements with known or potential biological roles (e.g., Mo, Cr, Ni, Se) are lacking and 
their natural isotope fractionation in humans is therefore yet to be investigated. There is 
vast scope, therefore, to investigate the viability of measuring these elements in human 
samples, despite the extremely low concentrations. Such analyses may highlight 
processes so far undiscovered, and potentially provide biomarkers for defects in 
processes utilizing these elements.  
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6.2.2 Nanotechnology 
 
The relevance and applicability of the stable isotope tracing theory and methods 
to nanoparticle research is demonstrated by a number of ZnO NP studies that have 
arisen from the investigations here, and are currently being undertaken external to this 
thesis. Studies that are in progress include water-, soil- and food-based exposures of 
organisms (i) at exceptionally reduced exposure concentrations, (ii) against extremely 
high natural Zn background levels, (iii) to determine rate of uptake, dissolution, efflux 
(detoxification) and (iv) as a marker for genotoxicity (how genes are affected). In 
addition, analyses are being carried out on blood and urine samples from a time 
resolved study, which investigated the transfer through human skin of Zn from ZnO 
NPs in sunscreens. This work, which follows on from the investigation of Gulson et al. 
[2010] promises to further elucidate the mechanism of Zn transfer, and the small 
isotopic variations seen are only resolvable using high precision mass spectrometry. 
In the future, studies with isotopically labelled ZnO NPs are likely to include 
mesocosms, long term post-exposure monitoring, and multiple generation studies. The 
recent publication by Misra et al. [2012] demonstrated the use of isotopically labelled 
65CuO nanoparticles, and determined the detection sensitivity available using 
quadrupole-ICP-MS. Whilst isotope labelling lends superior detection capabilities in 
comparison to concentration measurements alone (Chapter 4), the use of the new Cu 
separation method in conjunction with isotopic analyses by either quadrupole- or MC-
ICP-MS would further enhance the detection sensitivity, as explained in Chapter 2. This 
approach would therefore allow smaller exposure concentrations to be investigated, 
reduce the required tracer quantities (and hence, cost) and also allow more rapid 
detection in studies of biodynamic, time resolved systems. 
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6.3. Technical developments 
 
High precision stable isotope research of metabolism, toxicology and ecology 
using MC-ICP-MS is severely restricted by a lack of technology, despite the availability 
of suitable separation methods. Regardless of the investigative direction, the number of 
samples required by the biomedical and ecotoxicological communities to make 
statistically significant statements is typically at least about 100 but may reach more 
than 1000. This exceeds the samples numbers that are analysed in geochemical studies 
by about a factor of 10 or more. Small-scale (pilot) studies, such as the Parkinsonism 
investigation carried out as part of this thesis research (which itself involved over 250 
samples, Chapter 3), often attract criticism from the biomedical community due to the 
restricted sample sets used. However, it is unrealistic to process the number of samples 
required for larger biological or medical investigations using the currently available 
separation procedures. Isotope analyses by MC-ICP-MS are generally quick and can be 
routinely carried out by auto-samplers. Sample preparation has therefore become the 
rate-limiting step in this technology, requiring significant amounts of time consuming 
manual sample handling. Hence, even a relatively straightforward study may take years 
to complete before any valid scientific observations can be made.  
The contribution that high precision isotope analysis can provide for a greater 
understanding of human (and animal) metal metabolism, the insight into conditions 
related to abnormal metabolic behaviour and the tracing of anthropogenic materials 
within in complex systems, is unquestionably considerable and validates the 
development of alternative technologies. In particular, the development of automated 
systems, which adapt the current viable methods for the separation of Cu, Fe and Zn 
from biological matrices should (i) enable the accurate and precise (±0.10 ‰ or better) 
measurements that can resolve natural isotope fractionation routinely, whilst (ii) 
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providing sample throughput at a rate that is compatible with the requirements of 
medical and ecological studies and (iii) remove the obstacle of lengthy and labour 
intensive, and therefore costly and slow, sample preparation. Sample preparation such 
as this would allow the acquisition of large quantities of high quality data, and this will 
significantly advance our understanding of biological processes.  
Automated and integrated sample preparation and analysis systems are already 
implemented in many cases for both routine analyses and research in life sciences (e.g. 
Henley et al. [2009]). A faster, automated system would not only be a medical and 
ecotoxicological tool that would allow established isotopic measurement techniques to 
reveal biological processes yet unknown, but facilitate quicker, more efficient method 
development for other isotope systems. For this reason, such a development would 
make a comprehensive and long-lasting contribution to advance biological and medical 
research as a result of interdisciplinary collaboration. 
 
 
6.4. Closing remarks  
 
The depth and breadth of the relatively juvenile field of trace metal isotope 
biochemistry leaves substantial room for diverse and interesting investigations, with 
extensive benefits to humans, animals and our environment. The development of this 
subject area will rely on effective communication between researchers from the fields of 
medicine, biology, chemistry and engineering, as well as earth scientists and others who 
are versed in high precision isotope analyses. These collaborations will provide the best 
conditions (i) to define the most important problems that can be addressed using 
isotopic techniques and (ii) to develop and apply the novel techniques and technologies 
that are required to answer them. It is also essential that the results of such studies are 
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published in a coherent, accessible manner, to enable all involved disciplines to further 
utilize the methods and findings.  
This thesis has achieved these key objectives in two different research avenues. 
This work has shown how an interdisciplinary approach can apply techniques that were 
originally developed for isotope geochemistry to answer toxicological and medical 
questions. In addition, I have strived to convey this knowledge in an appropriate 
manner, so that others may do the same. 
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A novel ion exchange chromatography was developed for the separation of Cu from biological samples
prior to stable isotope analyses. In contrast to previous methods, the new technique makes use of the
different distribution coefficients of Cu(I) and Cu(II) to anion exchange resin and this helps to
significantly improve the purity of theCu separates obtained frombiological samples, whilstmaintaining
crucial quantitative yields. Careful method validation confirmed that the procedure yields sufficiently
pure Cu fractions after a single pass through the anion exchange columns, with a recovery of 100! 2%.
Subsequent isotopic analyses of the Cu by multi-collector inductively coupled plasma mass
spectrometry, using admixedNi for mass bias correction, produced accurate Cu stable isotope data with
a reproducibility of!0.04& for pure standard solutions and of!0.15& for samples of biological origin.
1. Introduction
The measurement of stable 65Cu/63Cu isotope ratios in geological,
biological and anthropogenic samples is of wide interest for
research in Earth,1–6 environmental7–11 and life sciences.12–16 Such
Cu isotope studies utilize the technique of multiple collector
inductively coupled plasma mass spectrometry (MC-ICP-MS) to
obtain Cu isotope data with a precision of about !0.1 to 0.2&
(2s). These measurements require that Cu is separated from the
sample matrix and an admixed element (generally either Ni or
Zn) is utilized for correction of the instrumental mass bias by
external normalization. A double spike procedure17–19 cannot be
used for mass bias correction of Cu, as this element has only two
stable isotopes (63Cu and 65Cu).
Previous work has shown that the separation of Cu from
complex sample matrices for isotopic analysis is best accom-
plished by ion exchange techniques. Carefully optimized
methods are required, however, to achieve both the essential
quantitative yields and a high purity for the Cu separate. The first
requirement follows from the observation of significant Cu
isotope fractionation during elution from ion exchange resins14,20
whilst the second is important to prevent spectral and non-
spectral interferences that would be detrimental for the collection
of accurate and precise isotopic data.
At present, the most commonly used method for the separa-
tion of Cu uses macroporous anion-exchange resin as Cu2+ is
moderately retained on such resin at higher HCl concentrations.
For the separation of Cu from diverse natural samples, the
samples are commonly dissolved in "7 M HCl (containing small
amounts of H2O2 to ensure that Cu is present as Cu
2+) for
loading onto the resin columns. The same acid is then used to
first remove major matrix elements and then purified Cu2+ from
the resin column.21–24 This chromatographic separation is not
perfect, however, and variable overlap between the elution of Cu
and matrix elements is commonly observed, depending on
sample size and type.21 In order to obtain Cu fractions, which are
pure enough for accurate stable isotope analyses, it is therefore
often necessary to adopt slight modifications to the elution
procedure for different sample matrices and/or to carry out
a second column pass.21,23
Application of these methods for the separation of Cu from
complex biological samples appears to be particularly problem-
atic.21 This was confirmed by our own work, which showed that
the application of these methods leads to a significant overlap of
the Cu elution with matrix elements. As a result, Cu isotope
analyses of biological samples are readily compromised by
significant interferences atmass 63, due to relatively high amounts
of Na producing 23Na40Ar+ in the plasma.12,21,25,26 Based on our
own experiences, it is often necessary to purify biological samples
by at least two stages of ion exchange chromatography to obtain
sufficient Cu for isotopic analysis. Such multi-stage procedures,
however, are time consuming, suffer from higher blank and are
more readily compromised by loss of Cu during elution.
In this study, we have developed a novel ion exchange proce-
dure for the separation of Cu from biological samples prior to
stable isotope analyses. This procedure utilizes differences in the
affinity of Cu+ and Cu2+ to anion exchange resins, to enable
a simple yet efficient separation of Cu from biological samples.
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2. Experimental
2.1. General procedures and materials
Sample preparation was performed in Class 10 laminar flow
hoods in the Class 1000 MAGIC Clean Room Laboratory at
Imperial College London. For sample handling, Teflon Savillex
vials were used throughout, unless otherwise stated. AnalaR
grade HCl (6 M) and HNO3 (15.4 M) were purified by sub-
boiling distillation in quartz stills. These distilled acids, Omni-
pure 9 M HClO4 (Fisher Scientific) and 18 MU H2O (MilliPore)
were used throughout this study. Care was taken when handling
HClO4 due to the harmful and potentially explosive nature of
this acid. All handling was performed in an extraction hood,
whilst evaporation of HClO4 was carried out in a specially
adapted hood with an exhaust wash down system. Acid solutions
that contained Suprapur H2O2 (stored below 5
#C) and L
(+)-ascorbic acid (Acros Organics) were made freshly on day of
use, due to degradation of such solutions. Commercial solutions
of Cu (Romil) and Ni (BDH) (dissolved in HNO3) were used as
an in-house zero-delta Cu isotope reference material and for
instrumental mass bias correction, respectively.
Foetal bovine serum (FBS) is used for preparing matrix-
matched standards for trace element concentration measure-
ments by quadrupole inductively coupled plasma mass spec-
trometry in health institutions. In this study, FBS from
Selbourne Biological Services Ltd (UK) was applied to validate
the performance of the Cu isotope analyses, using a stock matrix
that was stored below $40 #C and which was defrosted at "5 #C
12 h prior to digestion. The Cu concentration of this serum was
determined in the Trace Element Laboratory at Charing Cross
Hospital.
2.2. Sample digestion
Foetal bovine serum samples of 0.5 ml were digested with 4.5 ml
15.4 M HNO3 and 3 ml 30% H2O2 at 210
#C, 250 psi for 90 min
using a MARS Microwave Digestion System (CEM Corp., UK)
with XP-1500 Plus! (PTFE) vessels. A blank sample consisting
of 0.5 ml 0.1 M HNO3 was digested with every batch of samples.
2.3. Anion exchange separation
The anion exchange procedure for the separation of Cu from
samples is summarized in Table 1. BioRad PolyPrep columns
(i.d.¼ 8 mm) were first filled with 2 ml pre-cleaned BioRad AG 1
X8, 200–400 mesh resin and the resin was then cleaned with 0.1
M HNO3, conditioned with 2 M HCl and finally equilibrated
with 0.01 M HCl–0.02 M L(+)-ascorbic acid. Two hours prior to
loading, dried sample digests were dissolved in 1 ml 0.01 MHCl–
0.02 M L(+)-ascorbic acid at 50 #C for 1 h to ensure all Cu was
present in the +1 oxidation state and then allowed to cool. The
samples were then loaded and matrix elements eluted with 30 ml
HCl–ascorbic acid, and 5 ml 6 M HCl. Following oxidation of
Cu+ to Cu2+ with 6 M HCl–0.01% H2O2, clean Cu fractions were
eluted in 0.1 M HNO3.
The Cu separates were collected, evaporated to dryness, re-
dissolved in 1 ml 15.4 M HNO3 and then refluxed at 160
#C for
3 h prior to drying at this temperature to remove easily oxidised
organic material from remaining ascorbic acid and its degrada-
tion products. After this, within a specially adapted hood with an
exhaust wash down system, the samples were refluxed with 1 ml 9
M HClO4 at 140
#C for 3 h, then 225 #C for 24 h and evaporated
to dryness at 225 #C to destroy more resistant organic material.
These temperature steps were used to prevent over-reaction of
the organic material with HClO4, due to the potentially explosive
nature of the acid. Finally, the samples were refluxed and dried at
225 #C with 1 ml and then 2 drops of 15.4 M HNO3 to remove
any remaining chloride ions. Prior to isotopic analysis, the
samples were dissolved in an appropriate volume of 0.1MHNO3
and doped with a dilute solution of Ni ("10 ppm) in 0.1 M
HNO3, to obtain final concentrations of 50 ppb Cu and 250 ppb
Ni.
A solution of Romil Cu (5 mg) dissolved in 1 ml 0.01 M HCl–
0.02 M L(+)-ascorbic acid and a pure solution of 1 ml 0.01 M
HCl–0.02 M L(+)-ascorbic acid were also loaded onto the
columns and processed alongside each batch of samples. For
these solutions, the Cu fractions were also collected but this was
achieved using 45 ml (rather than the ‘‘normal’’ 15 ml, Table 1)
0.1 M HNO3 + 0.01% H2O2. Furthermore, the subsequent acid
treatments also used volumes that were three times larger than
those applied for ‘‘normal’’ samples. After completion of the last
evaporation step, BDH Ni (25 mg) was added to the Romil Cu,
and both fractions were diluted to 100 ml with 0.1MHNO3. This
procedure yielded (i) a solution of Romil Cu doped with Ni (50
ppb Romil Cu–250 ppb BDH Ni) that was the zero-delta refer-
ence material for the Cu isotope analyses of samples and (ii)
a wash solution that was applied for rinsing the MC-ICP-MS
sample introduction system between analyses of different
Table 1 Anion exchange chromatography for the separation of copper from biological samplesa
Process Medium Volume/ml Cu valency DV (Cu)
Resin loading AG 1 X8, 200–400 mesh 2
Cleaning 0.1 M HNO3, H2O 10, 2
Conditioning 2 M HCl 10
Equilibration 0.01 M HCl–0.02 M L-AA 4 & 2 +1 >480
Sample loading 0.01 M HCl–0.02 M L-AA 1 +1 >480
Matrix elution 0.01 M HCl–0.02 M L-AA 30 +1 >480
6 M HCl 5 +1, +2 32, "11
Cu oxidation 6 M HCl–0.01% H2O2 2 +2 "11
Cu elution 0.1 M HNO3–0.01% H2O2 15 +2 <1
a
L-AA ¼ L(+)-ascorbic Acid. DV (Cu) ¼ volume distribution coefficient for Cu between the anion-exchange resin and acid (ml ml$1); data from ref. 28.
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samples and standards. The procedure that was applied for the
preparation of these solutions ensured that differences in the
matrix between samples, standards and wash solutions were
minimized as far as possible, with the objective of obtaining
stable mass bias behaviour for accurate and precise collection of
Cu stable isotope data.
2.4. Mass spectrometry
All isotopic measurements were performed with a Nu Instru-
ments NuPlasma HR MC-ICP-MS instrument at the MAGIC
Laboratories of Imperial College London using operating
conditions summarized in Table 2. Sample introduction utilized
a Nu Instruments DSN desolvator system that was used with
glass MicroMist nebulisers at flow rates of "100 ml min$1 (Table
2).
The Cu isotope analyses were carried out by static multiple
collection with five Faraday cups to monitor masses 60, 61, 62
(for Ni), and 63, 65 (for Cu). Data acquisition involved three
blocks of 20 integrations of 5 s each and electronic baselines of 15
s were measured prior to each block, whilst the ion beam was
deflected in the electrostatic analyzer. Instrumental sensitivities
of about 90–100 V ppm$1 were routinely achieved for Cu and Ni
(Table 2).
Instrumental mass bias corrections for the measured 65Cu/63Cu
isotope ratios were performed using admixed Ni and a combi-
nation of the exponential law and standard sample bracketing, as
described by Nielsen et al.27 To this end, the exponential law was
used to mass bias correct the 65Cu/63Cu ratios that were acquired
in each measurement, relative to 62Ni/60Ni. The corrected Cu
isotope data obtained for a sample were then compared with the
average 65Cu/63Cu ratio obtained for the Romil Cu solution,
based on at least one measurement conducted immediately
before and after the sample analysis. A d65Cu value was then
calculated to denote the relative difference of the results in &:
v65Cu ¼ ð
65Cu=63CuÞSample
ð65Cu=63CuÞRomil
$ 1
" #
& 1000 (1)
3. Results and discussion
The following sections describe the efforts undertaken to ensure
that the new Cu separation method is suitable for the acquisition
of accurate and precise Cu isotope data for biological samples.
3.1. Anion exchange separation
A particular advantage of the new separation is that cationic
elements that can produce problematic molecular interferences
(Table 3) and/or which occur at high concentrations in biological
materials (e.g., K, Mg, Ca, Ti, Fe) all have distribution coeffi-
cients (D) of <1 for the AG-1 anion exchange resin when present
in 0.01MHCl. In contrast, Cu(I) displays aD value of >48028 for
this system. This large difference in distribution coefficients
allows complete elution of the sample matrix whilst Cu is
strongly retained on the resin, as long as a holding reductant
ensures complete reduction to Cu+. As such, the new procedure
allows a better and more straightforward separation of Cu from
biological samples than previously published ion exchange
methods, which do not utilize the high D values of Cu(I) but only
feature Cu(II).
The disadvantage of the new approach is that complete
reduction of aqueous Cu2+ to Cu+ must be achieved using
reagents that are compatible with the ion exchange technique.
The choice of holding reductant is not straightforward as (i)
quantitative yields must be achieved for Cu; (ii) the reductant
must be of sufficient purity so as not to significantly increase the
Cu blank; and (iii) the reagent must be readily separable from Cu
so that it does not generate spectral interferences or matrix
effects in the isotopic analyses.
The application of gaseous SO2 dissolved in acid was investi-
gated for reduction, as this was used previously with success to
reduce Tl(III) to Tl(I) on anion exchange resin.27,29 Application of
SO2, however, was associated with low Cu yields following ion
exchange separation, presumably due to incomplete reduction of
Cu2+ to Cu+ in the sample solutions. In contrast, the use of L
(+)-ascorbic acid was found to be straightforward in application
and effective in terms of Cu yield.
The main problem in the application of ascorbic acid as
reductant is the separation of the reagent from Cu, so that the ion
exchange procedure produces a highly pure Cu fraction that does
not produce erratic matrix effects during isotopic analyses. To
achieve this goal, our preferred elution protocol involves matrix
elution with 30 ml of 0.01 MHCl to which ascorbic acid is added
as holding reductant. Following this, the resin is rinsed with 5 ml
6 M HCl and 2 ml 6 M HCl–H2O2 (Table 1). A number of
calibration experiments showed that these were the maximum
rinse volumes that could be safely used, without causing
premature elution of Cu. The addition of H2O2 to the 6 M HCl
and 0.1 M HNO3 that are used prior to and for the elution of Cu
(Table 1) ensures that all Cu+ is oxidised to Cu2+, which is then
readily eluted from the resin.
In spite of the 6 M HCl rinses that are applied before the
elution of Cu (Table 1), residual traces of ascorbic acid (and/or its
Table 2 Operating conditions for the Nu Plasma MC-ICPMS and the
DSN desolvating nebulizer system
Nu plasma MC-ICP-MS
Acceleration voltage "6000 V
Mass resolution (M/DM) "400
Rf power 1300 W
Coolant Ar 13 l min$1
Auxiliary Ar 1 l min$1
Faraday cup resistors 1011 U
Sensitivity for Cu and Ni "100 V ppm$1
Transmission efficiency for Cu, Ni "0.05%
DSN nebulizer system
Argon sweep gas "3 l min$1
Hot gas "0.2 l min$1
Nebulizer pressure "30 psi
Sample uptake rate "100 ml min$1
Table 3 Major molecular interferences that may be problematic for
biological samples and the Ni, Cu isotopes of interest
Element Mass Interferences
Ni 60 23Na37Cl+, 24Mg36Ar+, 44Ca16O+
62 23Na2
16O+, 24Mg38Ar+, 26Mg36Ar+, 31P2
+, 46Ti16O+
Cu 63 23Na40Ar+, 25Mg38Ar+, 26Mg37Cl+, 31P16O2
+, 47Ti16O+
65 25Mg40Ar+, 32S33S+, 33S16O2
+, 49Ti16O+, 130Ba2+
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degradation products) were found to be present in the Cu frac-
tion. To prevent problematic matrix effects during the isotopic
analysis, it is therefore imperative that the organic matter is
either removed or destroyed prior to the isotope measurements.
A number of trials showed that near-quantitative removal of
ascorbic acid by oxidation is most reliably achieved by drying
down with HClO4, whilst application of concentrated HNO3 or
H2SO4 was found to be inadequate.
3.2. Copper yields and blanks
Sample recovery must be 100% for the ion exchange separation
procedure, as Cu isotopes are readily fractionated on ion
exchange resins.14,20 To determine the yield of the procedure, the
Cu content of Cu fractions was precisely measured with the aid of
Cu/Ni ratios. To this end, mixed Cu–Ni standard solutions with
250 ppb Ni and 0, 30, 50 and 100 ppb Cu were prepared gravi-
metrically to give variable Cu/Ni ratios (x axis, Fig. 1) and the
65Cu/60Ni ratios (y axis, Fig. 1) of these solutions were measured
byMC-ICP-MS. The calibration line defined (typically with an r2
value of better than 0.9996) was then used to determine the Cu/
Ni ratio of sample solutions that were doped with 250 ppb of Ni,
based on the 65Cu/60Ni ratio measured. This procedure was
applied to both pure metal reference solutions and FBS samples
with known Cu concentrations that were processed though the
column separation technique and all analyses confirmed yields of
100 ! 2%.
The quantitative Cu yields were further corroborated by
analyses of the combined ‘‘matrix elution’’ and ‘‘Cu oxidation’’
fractions (Table 1) that were collected for a sample of FBS. The
Cu content of this solution was analyzed by quadrupole-ICP-MS
at the Natural History Museum, London by monitoring of 65Cu.
This measurement revealed that the solutions contained no Cu
for a detection limit of 0.03 ppb, which includes any uncertainties
from the formation of 25Mg40Ar+ (Table 3). This result demon-
strates that the ‘‘early’’ elute fractions hold no more than 1–2% of
the total Cu budget of the respective sample.
A prerequisite for any technique of trace metal isotope analysis
is that it features blank levels, which are low or insignificant in
comparison to the initial analyte content of the sample. A total of
five blank samples were processed and analyzed during the
course of this study and yielded an average total procedural
blank of 0.2! 0.1 ng for Cu, which is equivalent to less than 0.3%
of the indigenous Cu of the samples analyzed during this study.
3.3. Spectral interferences
Two isotopes each of Cu and Ni are monitored in this study for
the acquisition of mass bias corrected 65Cu/63Cu isotope ratios.
Whilst these four isotopes are not isobaric to any other stable
isotopes, their measurement can be impeded by a number of
other spectral interferences that may form from elements that
can be present at relatively high concentrations in biological
materials (Table 3). A number of measurements were therefore
conducted on the Cu fractions isolated from the FBS samples to
ascertain that elements which can form problematic spectral
interferences are either essentially absent (i.e., present at back-
ground concentration levels) or present at negligible
concentrations.
To this end, mass scans were carried out to check for the
presence of Na, Mg, S, P, Ti and Ba in the sample solutions. All
relevant, potentially inference-forming isotopes (Table 3) were
found to be present at only negligible levels, with the exception of
23Na. Based on a typical 23Na40Ar+ formation rate of less than
0.03% (as determined from analyses of pure Na solutions), the
levels of Na present in the FBS samples were too low, however,
to alter the measured d65Cu values by more than 0.01&, which is
insignificant. In addition, we also carried out mass scans at
a higher mass resolution in the vicinity of the 60Ni, 62Ni, 63Cu and
65Cu peaks obtained for the Cu separates of FBS samples. These
scans utilized a mass resolution (M/DM) of about 4000, which is
sufficient to at least partially resolve all interferences listed in
Table 3, and they revealed no significant presence of peaks from
interfering species.
3.4. Accuracy and reproducibility obtained for standard
solutions
An efficient technique for the mass bias correction of the
measured 65Cu/63Cu isotope ratios is important to facilitate the
acquisition of precise and accurate d65Cu values for samples. In
the early stages of this study, both the use of admixed Zn and Ni
were tested for instrumental mass bias correction of Cu as both
methods have been used with success in previous Cu isotope
studies.6,21–25,30–34 Our analyses, conducted over a period of more
than 3 months, confirmed that, in principle, both elements are
suitable for precise Cu isotope data acquisition. The use of Ni
was preferred in this study, however, as its application (i) is more
robust because Ni is less susceptible to contamination than Zn
and (ii) was also found to consistently provide slightly more
precise mass bias corrected Cu isotope data for standard solu-
tions. This conclusion is in accordance with the results of
a number of other recent Cu isotope investigations.6,31–34
In addition, we also performed multiple analyses over a period
of three months to investigate whether the mass bias correction
of the measured 65Cu/63Cu ratios is best carried out using
Fig. 1 Calibration line that was used to determine the Cu yields of the
ion exchange separation procedure. Several mixed gravimetric Cu–Ni
standard solutions with variable Cu/Ni ratios (1) were analyzed by MC-
ICP-MS for the determination of 65Cu/60Ni (2) and these data define the
slope of the calibration line (3). Sample solutions were then analyzed to
determine 65Cu/60Ni (4), and these results can be translated into (gravi-
metric) Cu/Ni ratios using the calibration line (5). The Cu content of
a sample solution can then be calculated, as the concentration of the
admixed Ni is known.
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62Ni/60Ni or 61Ni/62Ni. Our measurements showed that both Ni
isotope ratios can provide precise Cu isotope data. The use of
62Ni/60Ni was preferred during the course of this study, however,
because the Cu results were typically marginally more precise
and as 60Ni and 62Ni were found to be consistently free of spectral
interferences in the Cu fractions of the FBS samples.
Repeated analyses of solutions prepared from ‘‘unprocessed’’
zero-delta Romil Cu isotope standard yielded a d65Cu value of
+0.2&, when measured relative to the same Romil Cu that that
had ‘‘processed’’ through the anion exchange chemistry
summarized in Table 1 (Table 4). This offset probably reflects
minor matrix effects from either traces of HClO4 or residual
ascorbic acid and/or resin material (and their degradation
products).35 In order to account for this offset, the sample
analyses are best conducted relative to a zero-delta reference
solution, which has been processed through the anion exchange
separation that is applied for samples. This solution is then used
as the bracketing zero-delta standard during sample analyses.
The application of this approach is validated by a number of
results. Firstly, the offset of d65Cu¼ 0.2& between processed and
unprocessed Romil Cu was found to be constant over a period of
several months. Secondly, identical differences of d65Cu ¼ 0.2&
were obtained for analyses of (i) unprocessed SRM (standard
reference material) NIST 976 Cu, which served as a secondary
standard, relative to unprocessed Romil Cu and (ii) processed
NIST 976 Cu relative to processed Romil Cu (Table 4).
The reproducibility of the methods was investigated using
standard solutions in various ways. Multiple analyses of the
Romil Cu standard that were evaluated using standard-sample
bracketing provide a precision of !0.04& (2s), regardless of
whether the ‘‘sample’’ is unprocessed or processed through the
ion exchange separation (Table 4). Furthermore, multiple anal-
yses of NIST 976 Cu relative to Romil Cu were found to display
a precision of approximately !0.07&, again regardless of
whether the NIST 976 Cu sample was taken through the column
chemistry or not. In summary, these results demonstrate that our
new techniques can provide d65Cu data for pure standard solu-
tions that have a precision of about !0.05&.
3.5. Accuracy and reproducibility obtained for samples
Further experiments were carried out to validate that the method
can deliver accurate and reproducible Cu isotope data not only
for Cu reference solutions, but also for matrix-rich biological
samples.
In order to test the performance of the method for biological
samples, three aliquots of the FBS reference material were pro-
cessed with our technique and the Cu isotope compositions
analyzed. The d65Cu data obtained for these samples display
a reproducibility of !0.15&, based on the deviation of the
individual measurements from the mean result (Table 4).
To test the accuracy of the method, the ‘‘matrix elution’’
fractions (Table 1) from the Cu column chemistry of the FBS
samples were collected, doped with about 50 ng Romil Cu, dried
down and then processed again through the chromatographic
procedure. Importantly, these analyses yielded a result of
d65Cu¼ 0.00 ! 0.08&, which is identical to the expected value of
d65Cu ¼ 0 (Table 4) and this demonstrates that the method can
provide accurate results for biological samples. Furthermore, the
precision obtained for these analyses is similar to the reproduc-
ibility determined for multiple analyses of the FBS samples, and
only slightly worse than the precision that was determined for
multiple analyses of standard solutions (Table 4). This indicates
that the new methodology can provide Cu isotope data with
a precision of about!0.10& for biological samples and therefore
the method is suitable for the resolution of small natural Cu
stable isotope effects, as previous work has shown that biological
samples have d65Cu values that vary by about 3&, with published
results that range from $2.13& to +0.62& relative to NIST
976 Cu isotope reference materials.14,24
4. Conclusion
A novel ion exchange method for the separation of Cu from
biological materials prior to isotopic analysis has been devel-
oped. This procedure makes use of the differing affinity of Cu+
and Cu2+ to anion exchange resin. In this technique, Cu+ is first
retained on the anion exchange resin whilst the matrix is
comprehensively eluted. The univalent Cu is then oxidized to
Cu2+ on the resin and a clean Cu fraction is collected at a defined
elution volume. A number of validation experiments were carried
out. These demonstrate that the method provides quantitative
Cu yields and effectively isolates Cu from elements that may
produce problematic spectral interferences. In addition, it is
shown that the method is suitable for Cu stable isotope analyses
of biological materials with a precision of about !0.10&.
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Table 4 Cu isotope data obtained for pure standard solutions and biological samplesc
Sample Standard n d65Cu (&) 2s (&)
50 ppb Romil Cu (AEC) 50 ppb Romil Cu (AEC) 22 0.00 !0.04
50 ppb Romil Cu 50 ppb Romil Cu (AEC) 5a 0.20 !0.04
50 ppb NIST 976 Cu (AEC) 50 ppb Romil Cu (AEC) 4b 0.21 !0.07*
50 ppb NIST 976 Cu 50 ppb Romil Cu 5a 0.20 !0.08
Foetal Bovine Serum (FBS) 50 ppb Romil Cu (AEC) 3 1.30 !0.15*
FBS Matrix–50 ppb Romil Cu 50 ppb Romil Cu (AEC) 3 0.00 !0.08*
a The results are based on n repeated analyses of a single Cu–Ni solution. b Results are based on data obtained for n samples that were separately
processed through the ion exchange chromatography. c Results are based on data obtained for n samples from a single digest but that were
processed separately through the column chemistry. (All analyses were carried out with mixed Cu–Ni solutions that contained 250 ppb Ni. AEC ¼
denotes solutions that were processed through the anion exchange chemistry summarized in Table 1. n ¼ number of individual analyses. * the
quoted precision denotes the deviation of the individual results from the given mean value.)
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ABSTRACT: This contribution evaluates two possible routes of stable isotope tracing for ZnO
nanomaterials. For this we carried out the first high precision Zn isotope analyses of commercially
available ZnO nanomaterials, to investigate whether such materials exhibit isotope fractionations
that can be exploited for tracing purposes. These measurements revealed Zn isotopic compositions
(of δ66/64Zn = +0.28 to −0.31‰ relative to JMC Lyon Zn) that are indistinguishable from “normal”
natural and anthropogenic Zn in environmental samples. Stable isotope tracing therefore requires
the application of purpose-made isotopically enriched ZnO nanoparticles. A detailed evaluation
identified the most suitable and cost-effective labeling isotopes for different analytical requirements
and techniques. It is shown that, using relatively inexpensive 68Zn for labeling, ZnO nanoparticles
can be reliably detected in natural samples with a Zn background of 100 μg/g at concentrations as
low as about 5 ng/g, if the isotopic tracing analyses are carried out by high precision mass spectrometry.
Stable isotope tracing may also be able to differentiate between the uptake by organisms of particulate
ZnO and Zn2+ ions from the dissolution of nanoparticles.
■ INTRODUCTION
The rapidly increasing use of engineered nanoparticles (NPs)
has given rise to concerns about potential health and environ-
mental impacts, and initiated a wider debate about possible
risks associated with the application of nanoscale materials.1
The scientific understanding of the toxicological properties and
environmental fate of industrially produced nanomaterials
(NMs) is, however, currently hampered by analytical complex-
ities. A particular challenge is posed by the difficulty of distin-
guishing engineered NMs from the normal background levels
of elements and natural NPs in complex samples, including
geological materials (e.g., sediments, marine/fresh waters) and
biological tissues. Improved methodologies are required for
tracing engineered NPs in bulk natural samples from exposures,
which are carried out at realistic particle concentrations rather
than the higher levels that are currently often dictated by the
lack of suitable analytical protocols.2−4
The technique of stable isotope labeling has the potential to
overcome many of the shortcomings exhibited by conventional
nanoparticle tracing methods.5 In particular, it promises to
provide tracing sensitivities that are orders of magnitude better
than those that can be obtained based on concentration data
alone.6 The development of stable isotope based tracing is
particularly relevant for ZnO NMs, because of their wide use in
sunscreens, cosmetics and other consumer products, while the
detection of NP-derived Zn in bulk natural samples is difficult,
due to the high background levels of this element.7,8 Short-lived
radioactive isotopes, such as 65Zn, would provide similar advan-
tages for NP tracing but their use raises significant safety, health
and ethical concerns and is also associated with experimental
problems that reflect the rapid radioactive decay of the parent
nuclide. Importantly, such concerns do not apply to stable
isotope methods because these utilize only naturally occurring
nonradioactive isotopes.
In order to address the paucity of suitable methodologies,
this contribution investigates two possible routes of stable
isotope tracing for ZnO NPs. First, we have performed high
precision Zn isotope analyses for 17 commercially available
ZnO NMs, to evaluate whether these products exhibit signi-
ficant indigenous isotope fractionations that can be exploited
for tracing purposes. This is the first time that such an investi-
gation has been carried out and this extends to three ZnO NMs
and a bulk ZnO sample, which are reference substances from
the NM-series of representative manufactured nanomaterials.9
The manufacturing of ZnO NMs involves high-energy attrition
milling,10,11 wet chemical synthesis12,13 and high temperature
condensation.14 Isotope fractionation of Zn may occur during
manufacturing stages that incur a change of phase or purifi-
cation, and evidence of such fractionation has been observed in
anthropogenic Zn emissions to the environment15−17 and puri-
fied Zn materials.18,19 Second, we have carried out a detailed
evaluation of tracing, which utilizes ZnO NPs that are prepared
from, and hence labeled with, highly enriched single Zn
isotopes. Such isotopically labeled ZnO NPs have been used in
a few previous studies10−13 but a detailed evaluation of this
methodology, that identifies the most suitable and cost-effective
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labeling isotopes for different analytical requirements and
techniques, has not been carried out to date.
■ EXPERIMENTAL SECTION
Samples. A suite of 17 commercially available ZnO prod-
ucts from different manufacturers was analyzed. With one ex-
ception, these are all (near-) nanoscale materials with particle
sizes of 10 to 150 nm (Table 1). Four of the substances,
including a bulk ZnO sample, are denoted as NM-110 to
NM-113 in Table 1, because they are distributed as part of the
“Representative Manufactured Nanomaterials” reference ma-
terial program. The European Commission Joint Research
Centre (JRC) maintains these NM-Series reference materials,
in support of the OECD Working Party on Manufactured Nano-
materials (WPMN) Sponsorship Programme, and detailed
characterization data have been published for these samples.9
All other materials were purchased directly from various suppliers
and additional manufacturer details are available in the
Supporting Information (SI) (Table S1).
Preparation of ZnO Samples for Isotopic Analyses.
Contamination of samples with Zn from reagents, materials and
the environment can readily occur, as Zn is ubiquitous. To
minimize blank levels, sample preparation was carried out in
Class 10 laminar flow hoods, within the Class 1000 MAGIC
Clean Room Laboratory at Imperial College. AnalaR grade
HNO3 (15.4 M), purified by sub-boiling distillation in a quartz
still, and 18 MΩ H2O (MilliPore) were used throughout this
study. All vessels were furthermore cleaned prior to use with
appropriate acids to minimize the Zn blank, routinely deter-
mined as <2 ng.
Approximately 100 mg of the ZnO samples were weighed
and dissolved in 15.4 M HNO3 for 24 h at room temperature in
Teflon vials. These digests were diluted with water to produce
stock solutions with ∼10 μg/mL Zn in 0.1 M HNO3 and then
stored in HDPE bottles. Aliquots of these stock solutions were
doped with a 2 mg/L solution of Romil Cu in 0.1 mol/L HNO3
and then further diluted in clean HPDE centrifuge tubes to
produce sample solutions for the isotopic analyses with
concentrations of [50 μg/L Zn − 50 μg/L Cu] to [100 μg/L
Zn − 100 μg/L Cu] in 0.1 mol/L HNO3.
Isotopic Analyses of ZnO Samples by MC-ICP-MS. The
Zn isotope analyses were performed at the MAGIC Labo-
ratories with a Nu Plasma HR multiple collector inductively
coupled plasma mass spectrometer (MC-ICP-MS).20,21 A DSN
desolvator system (Nu Instruments) and glass nebulizers
(Micromist) with solution flow rates of ∼100−120 μL/min
were used for sample introduction (SI Table S2). The isotope
measurements comprised three blocks of twenty 5 s
integrations, on masses 62 (Ni), 63 (Cu), 64 (Zn), 65 (Cu),
66 (Zn), 67 (Zn), and 68 (Zn), by static multiple collection
with Faraday cups and using 1011 Ω resistors. The ion beam
was deflected in the electrostatic analyzer for 15 s prior to each
block for measurement of the electronic baseline. Instrumental
sensitivities of about 120 V/ppm and 100 V/ppm were con-
sistently achieved for Zn and Cu, respectively, during the
course of this study (SI Table S2). The 62Ni ion beam was
routinely monitored in all analyses to correct for the isobaric
interference of 64Ni on 64Zn.
The addition of an element with a similar mass to the ele-
ment of interest (Cu in this case) enables accurate and precise
correction of the instrumental mass bias21 and in this study the
measured 66Zn/64Zn isotope data were corrected relative to the
65Cu/63Cu isotope ratio of admixed Romil Cu, with the expo-
nential law. The δ values of the samples (sam) were then
determined relative to results obtained for bracketing analyses
of an isotopic standard (std):
δ = −
×
Zn(‰) [( Zn/ Zn )/( Zn/ Zn ) 1]
1000
sam std
66/64 66 64 66 64
([1])
A similar approach has been used in previous isotopic investi-
gations of Zn18,22 and other elements.23,24
In this study, the sample analyses were bracketed by mea-
surements of “London Zn” solutions, which served as the
in-house Zn isotope reference material. The isotopic offset be-
tween London Zn and the well-characterized (but now essen-
tially depleted) “JMC Lyon Zn”25 was determined by repeated
isotopic analyses (n = 6), which yielded a δ66/64Zn value of
Table 1. Stable Zn Isotopic Compositions, as δ66/64Zn Values
Relative to JMC Lyon Zn, for ZnO Nanoparticles and
Isotope Reference Materialsa
name sizec (nm)
δ66/64Zn
‰b
uncertainty
(2 SD)b n (m)
Nanomaterials
Nanosun zinc oxide P
99/30 (NM-112)
43 0.22 ±0.06 4 (3)
Z-CoteHP1
(NM-111) 140a 0.25 ±0.06 4 (3)
Z-Cote (NM-110) 150 0.28 ±0.05 3 (2)
zinc oxide (NM-113) 900 0.24 ±0.05 4 (3)
Zano 10 (10.24) 10 0.18 ±0.10 1
Zano 10 (10.10) 10 0.01 ±0.10 1
8410DL 10−30 0.22 ±0.11 1
NO-0011-HP “Zinkit” 20 0.08 ±0.15 2 (1)
Zano 20 20 0.00 ±0.11 1
MKN-ZnO-030 30 0.23 ±0.15 1
Zano 30 30 0.10 ±0.15 1
NanoSunguard 35−100b −0.01 ±0.04 2 (1)
MKN-ZnO-R040 40 0.23 ±0.11 1
NanoArc 40−100 0.23 ±0.04 1
NanoTek 40−100 −0.31 ±0.04 1
MKN-ZnO-050P 50−150a 0.18 ±0.11 1
NO-0039-HP 90−210 −0.18 ±0.11 1
Zn Isotope Reference
Materials
London Zn
solution
this
study
0.12 ±0.04 6 (2)
ref 19 0.11 ±0.04 12
Romil Zn
solution
this
study
−8.94 ±0.10 6 (2)
ref 18 −9.09 ±0.08 6
an = number of individual analyses; m = number of distinct
measurement sessions, if applicable. bThe δ66/64Zn values are averages
for samples that were analyzed 2 or more times. The 2 SD
uncertainties for samples that were analyzed on multiple measurement
sessions are based on either (i) the reproducibility of the n separate
analyses or (ii) the within-day precision obtained for multiple
measurements of the bracketing standard, whichever was larger. For
samples that were analyzed only once, the uncertainty was assigned as
described above for (ii). cThe size of the particles is quoted from
accompanying material provided by supplier/manufacturer. Particles
were received in dry powder form, with the exception of a = coated
powder and b = dispersion in water. Further details of nanoparticle
characterization (purity, coatings etc.) can be found in the Supporting
Information (Table S1).
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+0.12 ± 0.04‰ for London Zn relative to JMC Lyon Zn.
Consequently, the measured δ66/64Zn values were corrected by
+0.12‰ for reporting of the results relative to JMC Lyon Zn.
■ RESULTS AND DISCUSSION
The Current Status of Tracing ZnO Nanoparticles in
Bulk Environmental Samples. In principle, measurements of
elemental concentrations in biological tissues offer a straightfor-
ward means of tracing the uptake of metal-based NPs by
organisms. Such analyses are, therefore, commonly applied for
detecting NP in bulk samples from exposures that investigate
toxicological properties or environmental fate. These investiga-
tions are relatively unproblematic in some cases, as is demon-
strated by the numerous experiments that have been performed
with Au nanoparticles.26 The application of “concentration
tracing” is, however, presented by problems when applied to
many other metal or metal oxide NMs, including ZnO. These
difficulties are briefly discussed in the following with particular
reference to ZnO NMs but many conclusions are also valid for
NPs prepared from other metals (e.g., TiO2, Fe oxides, Al2O3)
and even nonmetals such as SiO2.
For unambiguous tracing, the presence of the NPs in a
sample should preferably generate elevated elemental concen-
trations (e.g., of Zn) that exceed the natural background level
by a factor of 10 or more, if possible. This recommendation
follows from the observation that unequivocal tracing and
precise quantification of NPs is hindered by the uncertainty of
the concentration measurements (which can exceed ±10%
close to the detection limit) and variable background levels of
the element. Such variability will be particularly problematic for
biological samples, where Zn concentrations have been ob-
served to vary by more than ±10% in tissue grown under essen-
tially identical conditions (e.g., refs 27 and 28). In addition,
toxicological exposures and experiments that investigate
environmental fate are ideally conducted using NM concen-
trations that are similar to, or do not greatly exceed those,
which are expected for relevant, real-life environments. While
actual analytical data are not available, a recent modeling study
that is based on current application data suggests that the
concentrations of ZnO NPs in the environment might be at (or
soon reach) levels of about 50 to 500 μg/L in waters and 2 to
20 μg/g in sediments.29 In comparison, the UK Environmental
Quality Standards (EQS) statuory threshold for Zn in waters is
40 μg/L.30
Concentration tracing is, therefore, most straightforward for
NPs made from metals that have low natural backgrounds, at
the ng/g level or less, such as Au or Pt. In contrast, it is
significantly hindered for Zn, as this element typically has
abundances of more than 10 μg/g in biological tissue31 and of
50 to 200 μg/g in soil and sediments.7,8 In order to facilitate
detection of NP uptake with the aid of concentration tracing or
imaging techniques, toxicological exposures of bacteria and
water-dwelling organisms, such as Daphnia magna, fish and
alga, are commonly conducted with aqueous ZnO NP con-
centrations of or higher than 100 mg/L. Such abundances,
however, exceed the normally expected environmental levels of
engineered ZnO NPs by approximately 3 orders of magnitude.
Toxic effects may therefore be generated simply by the high
levels of dissolved Zn2+ that are produced by dissolution of the
NMs rather than direct uptake of ZnO NPs.32,33
A possible alternative to the use of absolute concentration
data for tracing purposes is given by the application of near-
constant or “quasi-isotopic” natural element abundance ratios,
which are commonly applied in geochemical research.34 This
approach may overcome tracing problems that stem from
highly variable Zn background levels, if the Zn abundances are
well correlated with the concentration of a second, chemically
similar element (termed E in the following). In this case, a
variable Zn background does not inhibit the detection of
anomalies in Zn contents from the addition or uptake of ZnO
NPs, as long as the samples exhibit essentially constant natural
Zn/E abundance ratios over a wide range of Zn contents and
the levels of E in the ZnO NPs are minimal.
For Zn, the element ratio approach is promising in
combination with Cu and even more so with Cd. Zinc and
Cd are close chemical relatives as part of Group 12 (or IIB) of
the periodic table and, even more significantly, both metals are
known to display a relatively similar distribution and behavior
in many geological and biogeochemical systems.8,35 A literature
survey of Zn/Cd abundance ratio data shows, however, that
this element ratio is far from constant in nature, and variations
of more than 2 orders of magnitude are observed for both
geological and biological samples (Figure 1a). The application
of this approach therefore does not offer significant advantages
to the use of Zn concentration data alone but remains
promising for tracing other nanoparticles that are manufactured
from metals, such as the rare earth elements (e.g., CeO2 and
La2O3 NMs), which are expected to display more closely
correlated natural distributions.
Given the inadequacies of concentration-based techniques
for the tracing of ZnO NMs in complex natural materials, there
is a clear need to explore alternative tracing methodologies that
permit the sensitive and selective detection of ZnO NPs in
natural biological and geological samples. For this, two different
approaches to stable isotope tracing of engineered ZnO NPs
are evaluated and discussed in the following.
Isotope Tracing of ZnO Nanoparticles Based on Indige-
nous Differences in Zn Isotopic Compositions. Principle.
Previous investigations identified δ66/64Zn values as low as −7
to −10 for a number of commercially available Zn standard
solutions,18,19,36 while the isotopic composition of normal
natural Zn typically falls into a narrow range with δ66/64Zn ≈
0.0 ± 0.5‰ (Figure 1b). These relatively large isotope effects
are most likely the result of mass dependent isotope frac-
tionations that occurred during the extraction of Zn from ores
and/or industrial purification of the metal.16 This is supported
by studies, which have identified even larger isotope frac-
tionations for highly purified samples of Cd metal.37,38
If currently available commercial ZnO NPs were to possess
δ66/64Zn ≈ −10‰, the isotopic offset from δ66/64Zn ≈ 0 would
be sufficient to enable stable isotope tracing and allow such
studies to be carried out at a very reasonable cost. High
precision Zn isotope analyses by MC-ICP-MS yield δ66/64Zn
data with an uncertainty (2 SD) of ±0.10‰ (e.g., refs 15−19,
22, and 25) and mixing processes that produce isotopic
variations that are larger than this uncertainty are isotopically
resolvable, if the isotopic composition of the background is
known and well-characterized. Assuming that manufactured
ZnO NMs differ in their isotopic composition from the natural
background by δ66Zn = −10‰, an isotopic shift of ≥0.10‰ is
produced if the addition of engineered NPs increases the Zn
content by more than ∼1%. For sediment/biological tissue
samples with a Zn background of 100 μg/g, any change in Zn
concentration that exceeds 1 μg/g can hence be detected
isotopically. Such a stable isotope based tracing approach may
therefore result in a better sensitivity for the detection of
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engineered ZnO NPs than can be achieved with Zn
concentration data and would not suffer from uncertainties
that are introduced by the large natural variability of Zn
contents for biological materials.
Accuracy and Reproducibility of Zn Isotope Data. Repeat
analysis (n = 6) of the previously characterized London Zn and
Romil Zn solutions were carried out to validate the accuracy of
the data generated in this study and the results obtained here
are identical (within error) to previously published values18,19
(Table 1). In particular, our offset between London Zn and
JMC Lyon Zn (+0.12 ± 0.04‰) is indistinguishable from the
literature value of +0.11 ± 0.04‰19 (Table 1).
These samples and the JRC Representative Manufactured
Nanomaterials were also analyzed on at least two separate
measurement sessions, spaced more than one month apart, to
characterize reproducibility (Table 1). These multiple analyses
yielded precisions of ±0.04‰ to ±0.10‰ (2 SD), that are
based on either (i) the reproducibility of the n separate analyses
across different measurement sessions, or (ii) the within-day
precision obtained for multiple measurements of the bracketing
standard, whichever was larger (Table 1). The reproducibility
reported here is very similar to that achieved in other recent Zn
isotope studies that utilized MC-ICP-MS.19,22,39,40
Result of High Precision Isotope Analyses of ZnO
Nanoparticles by MC-ICP-MS. The analyses of the commercial
ZnO NMs yielded δ66/64Zn values, relative to JMC Lyon Zn, of
between −0.31‰ and +0.28‰ (Table 1). Hence there are
small but significant isotopic differences between the samples.
However, the results also reveal that particle size, the presence
or absence of coating, or distribution in the form of powder
versus suspension have no tangible systematic effect on Zn
isotopic compositions. Furthermore, the sample data are
essentially indistinguishable from the δ66/64Zn values of
between about −0.25‰ to +0.50‰ that are commonly
found for Zn of geological, biological and anthropogenic origin
in environmental samples39 (Figure 1b.). This implies that the
indigenous Zn isotopic compositions of ZnO NPs are not
suitable for the tracing of such materials in natural and
experimental systems.
Figure 1. Variability of Zn/Cd ratios (a) and Zn isotopic compositions (b; shown as δ66/64Zn relative to JMC Zn Lyon) for various geological,
biological, and anthropogenic samples. The Zn/Cd ratios vary by more than 3 orders of magnitude for biological specimens and almost 9 orders of
magnitude for geological materials. In contrast, natural materials display only limited variability in δ66/64Zn, with a total range of about 2.5‰. Most of
this variability is from biological samples. Data sources: refs 19, 22, 36, 39, and 47−69.
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Stable Isotope Tracing with Isotopically Labeled
Nanoparticles. Principle. Stable isotope tracing of ZnO
NPs can be achieved even if commercially available NMs have
Zn isotopic compositions that are indistinguishable from other
natural and industrial materials (Figure 1b). Such tracing,
however, requires the use of isotopically labeled nanoparticles
that are specifically prepared to possess distinct and non-natural
Zn isotopic compositions. Labeled ZnO NPs can be produced
in a straightforward manner from commercially available Zn
reagents that are artificially enriched in a single isotope of the
element. Such enriched isotope materials have been applied as
tracers in analytical, environmental and medical research for
many years while their application for the tracing of engineered
NMs has been limited to a few studies that investigated ZnO
NPs.10−13
Zinc has five stable isotopes with atomic mass numbers of
between 64 and 70 and natural abundances that vary between
0.6% and almost 50% (Table 2). In contrast, stable Zn isotope
tracers are enriched, generally to more than 90%, in a single
isotope (Table 2). Importantly, such artificially enriched stable
isotopes are nonradioactive. The chemical and physical prop-
erties of reagents prepared from enriched tracers are further-
more essentially identical to conventional, commercially
available Zn reagents that have normal Zn isotopic composi-
tions. Hence, no particular precautions are necessary for the
preparation, handling and disposal of ZnO NMs that are
labeled in this manner.
In tracing applications, the presence of isotopically labeled
ZnO NPs in samples is verified by the measurement of one or
several diagnostic isotope ratios. By convention, these
diagnostic ratios feature the enriched tracer isotope (e.g., 68Zn)
in the numerator, while a second, nonenriched isotope is found
in the denominator (e.g., 68Zn/64Zn). When such an isotope
ratio differs significantly from the natural value, this provides
conclusive evidence for the presence of isotopically labeled ZnO
or Zn2+ ions derived therefrom. The extent of this difference can,
furthermore, be exploited to accurately quantify the amount of
labeled material that is present.
Choice of Enriched Isotope. The key factors that determine
which particular Zn isotope is best used for the preparation of
labeled ZnO NPs will be (i) the tracing sensitivity that is
required for a particular application; (ii) the cost of the tracer
material; and (iii) the precision and accuracy of the technique
that is employed for measurement of the diagnostic isotope
ratio(s).
In general, the best sensitivities for tracing labeled materials,
including NPs, can be achieved by employing highly enriched
isotopes that have low natural abundances (e.g., 67Zn, 70Zn;
Table 2). In this case, even minor additions of the tracer
isotope to the natural Zn present in a given sample will produce
analytically resolvable changes in Zn isotopic composition.
Such enriched isotopes are, however, also typically very ex-
pensive, (e.g., 67Zn, 70Zn; Table 2). Aside from this, the sensi-
tivity of stable isotope tracing is most strongly constrained by
(i) the precision that can be attained in the isotope ratio
measurements, which is primarily a function of analytical proce-
dures, the type of mass spectrometer used as well as sample
size; and (ii) the extent of any natural mass dependent varia-
tions in the isotopic composition of the experimental system
prior to the addition of the labeled NPs. A quantitative evalua-
tion of how these factors determine the detection sensitivity
that can be achieved for stable isotope tracing of ZnO NPs is
presented in the following.
Modeling Parameters. As a starting point, this evaluation
considers that the isotopic analyses are conducted by either (i)
“conventional” quadrupole and single collector sector field ICP-
MS (SF-ICP-MS) methods, or (ii) high precision MC-ICP-MS
techniques (Table 3). In addition, it is assumed that at least
250 ng of Zn are available for the measurements and this suffices
for routine isotopic analyses by both MC-ICP-MS (e.g., refs 22
and 41; this study) and well as quadrupole or SF-ICP-MS
(e.g., refs 42−44). Notably, 250 ng of Zn are provided by about
2.5 mg of biological tissue and sediment/soil (assuming realistic
Zn concentrations of ∼100 μg/g) or about 8 mL of a water
sample (assuming [Zn] = 30 μg/L), and such quantities are
available from most exposures, even if these are carried out at
a small scale and/or using small organisms (e.g., Corophium
volutator, Daphnia magna).
The evaluation extends to five Zn isotope ratios: 64Zn/66Zn,
67Zn/66Zn, 68Zn/66Zn, 68Zn/67Zn, and 70Zn/68Zn (Table 3).
Results are not shown for other possible isotope combinations
because these would only yield detection sensitivities that are
either inferior (e.g., 70Zn/67Zn, 70Zn/64Zn compared to
70Zn/68Zn; 66Zn/68Zn vs 68Zn/66Zn) or very similar (e.g.,
67Zn/68Zn compared to 67Zn/66Zn) to those already covered in
Table 3. For each of the five diagnostic Zn isotope ratios, three
relevant and realistic analytical scenarios are investigated:
Case 1: Low Precision Isotope Analyses. This case assumes
that the isotopic measurements are carried out by either
quadrupole ICP-MS or SF-ICP-MS instruments, and using no
or only minimal preconcentration of Zn. A number of pub-
lished studies describe the acquisition of Zn isotope data with
such methods (e.g., refs 42−44) and based on these results, we
assign best-case uncertainties (2 SD) of ±8‰ for 70Zn/68Zn
and of ±6‰ for all other Zn isotope ratios (Table 3).
Case 2: High Precision Isotope Analyses. In this scenario,
the isotopic measurements are carried out using high precision
techniques similar to those utilized in the present study for
analyses of commercially available ZnO NMs. The application
of MC-ICP-MS allows Zn isotope ratios to be determined with
Table 2. Natural Zn Isotope Abundances, And Isotopic Enrichment and Approximate Cost of Commercially Available Enriched
Zn Isotopes
64Zn 66Zn 67Zn 68Zn 70Zn
natural isotope abundance (%)a 48.26 (21) 27.98 (5) 4.10 (1) 19.02 (8) 0.63 (1)
isotopic enrichment of tracers (%)b 99.5 99.0 92.0 99.5 95.0
price of tracer (in $/mg)b 4.50 5.00 35.00 4.00 250.00
cost of tracer to produce 100 mg of isotopically labeled NPs assuming 10% yield during preparation (in $)
4500 5000 35 000 4000 250 000
aData from ref 70. The numbers in () denote the 2 SD uncertainty on the least significant digits. bThe isotopic enrichment and cost of the single
isotopes are approximate average values derived from quotes obtained from Isoflex USA (San Francisco, CA) and Oak Ridge National Laboratory
(USA) in October 2009.
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a precision that can approach ±0.05‰ to 0.10‰ (2 SD; Table 1).
A number of studies have shown that such reproducibilities can
be achieved not only for pure Zn standard solutions (Table 1)
but also for Zn separated from various natural materials by ion
exchange chromatography (e.g., refs 19, 22, 25, and 40). For
the purposes of the present evaluation, more conservative error
estimates of ±0.15‰ to ±0.40‰ are applied (Table 3) to
account for (i) the low signal intensities obtained for the minor
70Zn isotope and (ii) the particular difficulties (e.g., from
memory effects and blanks) that are associated with the deter-
mination of variable isotope ratios, as encountered in tracing
studies. The precision of Zn isotope data obtained during
analyses of biological samples from exposure studies with
isotopically enriched ZnO nanoparticles supports the estimated
uncertainties. For example, multiple analyses of Zn standard
solutions that were measured interspersed with and at con-
centrations similar to those of samples containing enriched
levels of 68Zn, yielded reproducibilities (2 SD) of better than
±0.12‰ for 68Zn/66Zn.
Case 3: Isotopically Variable Zn Background. This case
specifically considers the uncertainties that arise from natural
variability in Zn isotopic compositions (Figure 1b). This
variability is not relevant for Case 1, due to the limited preci-
sion of the analyses, and it was not considered in Case 2.
However, natural mass dependent Zn isotope fractionations
that have been observed in biological or geological samples can
readily exceed the reproducibility of high precision MC-ICP-
MS data and such variability is hence explicitly considered in
Case 3. In the following, we assume that the isotopic compo-
sition of the natural Zn background displays a realistic varia-
bility of ±0.25‰ per amu mass difference for all Zn isotope
ratios (Table 3), equivalent to ±0.50‰ for δ66/64Zn (Figure 1b).
Discussion of Modeling Results. The detection sensitivity
that can be achieved in the tracing of isotopically labeled ZnO
NPs, using different tracer isotopes and diagnostic ratios for the
three analytical scenarios (Cases 1−3, Table 3), is defined as
the smallest increase in Zn concentration from the addition or
uptake of labeled ZnO NPs, which can be resolved by isotopic
analysis. In Table 3, this sensitivity is shown in two notations:
(i) as the smallest relative increase in Zn abundance (in ‰)
that can be detected and (ii) as the smallest absolute increase in
Zn content (in ng/g) that can be resolved for a sample with a
Zn background concentration of 100 μg/g, which is appropriate
for both biological tissues and sediments/soils.
Case 1 involves the use of relatively imprecise quadrupole
and sector field ICP-MS techniques for isotopic analyses, which
are associated with measurement uncertainties of greater than
±5‰ (Table 3). For this scenario, detection sensitivities of
>1‰ are observed for isotopically labeled ZnO NPs, if they are
made from either 64Zn or 68Zn (Table 3), regardless of which
isotope ratio is monitored for detection. Considerably better
tracing sensitivities of about 0.05‰ to 0.30‰ can be achieved
even with imprecise isotopic analyses, if the NMs are
manufactured from either 67Zn or 70Zn. These isotopes,
however, are also considerably more expensive than 64Zn or
68Zn (Table 2).
Significantly improved detection sensitivities can be obtained
if the precise technique of MC-ICP-MS is applied for the tracer
analyses (Case 2). With this methodology, the use of labeled
ZnO NPs provides tracing sensitivities of better than 0.08‰
throughout (Table 3). Using relatively inexpensive 68Zn for the
preparation of the 68ZnO NPs, the detection sensitivity can be
as low as 0.03‰, while application of more costly 67Zn and 70Zn
isotopes can further improve the values to <0.01‰ (Table 3).
Excellent detection sensitivities can be obtained using MC-
ICP-MS even if there is significant uncertainty in the Zn iso-
topic composition of an experimental system. This is demon-
strated by the results for Case 3, which assumes that the
sensitivity of tracing is limited solely by a natural variability in
Zn isotopic compositions of ±0.25‰/amu (Table 3). Despite
this uncertainty, detection sensitivities of better than 0.10‰ are
possible using isotopically labeled 68ZnO NPs (Table 3). Again,
even better results, with detection sensitivities of <0.015‰, can
be achieved if tracing is carried out using more expensive 67Zn
or 70Zn labels (Table 3). The application of 68Zn is, however,
associated with costs that are about a factor of 10 and 100 lower
compared to use of 67Zn or 70Zn, respectively (Table 2). This
difference in cost will be of particular importance when larger
quantities of labeled NPs are needed, for example in fish tank
experiments, mesocosms, multiple generation studies or human
trials. For example, over 300 g (not mg) of 68ZnO tracer were
used to prepare the sunscreen formulation applied in Gulson
et al. (2010).45 While MC-ICP-MS instruments are presently
only available in a limited number of institutions, this drawback
Table 3. Detection Sensitivity for Isotopically Labelled ZnO NPs Calculated for Three Hypothetical Analytical Scenarios (Cases
1−3)a
64Zn/66Zn 67Zn/66Zn 68Zn/66Zn 68Zn/67Zn 70Zn/68Zn
Case 1 − Low Precision Analyses
uncertainty of isotopic analyses (‰) 6 6 6 6 8
(i) detectable increase in Zn conc. (‰) 3.0 0.28 1.1 1.2 0.05
(ii) detectable increase in Zn conc. (ng/g) 300 28 110 120 5
Case 2 − High Precision Analyses
uncertainty of isotopic analyses (‰) 0.15 0.15 0.15 0.15 0.40
(i) detectable increase in Zn conc. (‰) 0.08 0.007 0.03 0.03 0.0025
(ii) detectable increase in Zn conc. (ng/g) 8 0.7 3 3 0.25
Case 3 − Inhomogeneous Zn Background
uncertainty of natural isotope ratio (‰) 0.50 0.25 0.50 0.25 0.50
(i) detectable increase in Zn conc. (‰) 0.24 0.012 0.09 0.05 0.003
(ii) detectable increase in Zn conc. (ng/g) 24 1.2 9 5 0.3
aThe detection sensitivities denote the smallest additions of Zn from isotopically labelled NPs that can be resolved for a given uncertainty. The
detection sensitivities are provided in two notations: (i) as the smallest relative increase in Zn concentration (in ‰) that can be resolved by isotopic
measurements and (ii) as the smallest absolute increase in Zn concentration (in ng/g) that can be resolved for a sample with a Zn background
concentration of 100 μg/g, which is appropriate for both biological tissue and sediments/soils.
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can be circumvented through suitable research collaborations
involving groups that can provide access to the instrumentation
and expertise required for the acquisition of high precision
isotope data.
Taken together, these results show that use of isotopically
labeled ZnO NPs can provide detection sensitivities that far
exceed those attainable using Zn abundance data alone, even if
the Zn isotopic composition of a sample or experimental
system is not well-defined. Clearly, the best tracing sensitivities
can be achieved when the isotopic analyses are carried out at high
precision using MC-ICP-MS (Table 3). For the most demanding
applications, which require the detection of extremely small NM
quantities in the presence of high concentrations of endogenous
Zn, it may be advantageous to use either labeled 67ZnO or 70ZnO
NPs (Table 3), if the cost of these isotopes is not an obstacle
(Table 2). In addition, application of these isotopes (and in
particular cheaper 67Zn) may be advantageous, when the isotopic
analyses must be carried out by either quadrupole or sector field
ICP-MS. In principle, the costs associated with using a highly
pure tracer of a naturally rare isotope (67Zn, 70Zn) can be reduced
by dilution of the material with natural Zn. This approach is not
recommended, however, as a similar isotopic tracing sensitivity
can be obtained at lower cost using a high purity tracer of a more
abundant isotope (e.g., 68Zn; Table 2). This conclusion is
reinforced by the results of Gulson et al. (2012),11 who applied
68ZnO NPs in sunscreen for a human exposure study. In parti-
cular, they found that use of 68ZnO with >99% 68Zn enrichment
circumvented difficulties that were encountered in a pilot study,
which employed 68Zn enriched to only ∼50%.11
Data Reduction and Interpretation of Isotopic Results.
The results of the isotopic analyses can be evaluated to quantify
the fraction of Zn present in a sample, which is derived from
isotopically labeled NPs. In addition, it is also straightforward to
determine the absolute quantity and concentration of Zn that is
contributed by the labeled NMs. In essence, any significant
deviation in a diagnostic Zn isotope ratio for an exposed sample,
relative to the natural isotopic composition of unexposed control
material, signifies the presence of isotopically labeled NPs. The
magnitude of this isotopic difference, as determined by mass
spectrometry, can be exploited to quantify the mass balance be-
tween natural Zn and Zn derived from labeled NPs that is
relevant for an exposed sample. The equations that are needed
for these calculations follow from a simple isotopic mass balance
of all components. A Microsoft Excel spreadsheet that docu-
ments and implements the relevant equations, with comments
and explanations, is provided in the SI.
An important question that is commonly raised in toxico-
logical studies of ZnO (and other) NPs is whether any ob-
served toxic effects reflect either direct NP uptake by the
organisms or uptake from the aqueous phase of dissolved Zn
ions, which are produced by the dissolution of the NM. The
ability to distinguish between these two scenarios would con-
stitute a significant advance and may be possible for exposure
systems that utilize isotopically labeled NPs.
The interpretation of isotopic data to accomplish this is
outlined in Figure 2. In this case, an organism is exposed to
∼99% isotopically pure 68ZnO NPs that are added to the
aqueous phase, and the (natural) 68Zn/67Zn isotope ratio of the
freshwater and biological tissue are characterized from control
experiments. After the exposure is completed, the diagnostic
68Zn/67Zn isotope ratio is determined for the organism and
three end point results are possible. (i) If the 68Zn/67Zn ratio of
the organism is indistinguishable from the natural value, as
determined for tissue from control experiments, no uptake of
68Zn derived from 68ZnO NPs has occurred. (ii) If the organism
has a 68Zn/67Zn isotope ratio, which exceeds the value observed
for the exposed aqueous phase, this is highly indicative of direct
uptake of 68ZnO NPs by the organism. (iii) The 68Zn/67Zn
ratio of the exposed tissue may be intermediate between the
natural value (of unexposed tissue) and isotopic composition of
dissolved Zn in the exposed aqueous phase. Such a result is
most readily explained by uptake of dissolved 68Zn2+, from the
dissolution of 68ZnO NPs. However, it can also be generated by
Figure 2. Schematic that illustrates the results, which can be obtained
for an experiment that involves exposure of an organism to isotopically
labeled 68ZnO nanoparticles in freshwater. Here, 68Zn/67Zn serves as
the diagnostic isotope ratio. Three different outcomes, as discussed in
the text, are illustrated: (i) no uptake of 68Zn by the organism yields a
near-natural (essentially unchanged) 68Zn/67Zn ratio for the organism;
(ii) uptake of 68ZnO nanoparticles can generate 68Zn/67Zn ratios for
the organism, which exceed the value determined for the exposed
aqueous phase; (iii) uptake of dissolved 68Zn2+ ions will produce
68Zn/67Zn ratios for the organism that are intermediate between
results obtained for the exposed water and the natural Zn isotopic
composition.
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uptake of particulate 68ZnO, if the organism has a sufficiently
high Zn background. In order to further resolve the uptake
mechanism, the 68Zn concentration of the organism (as
determined from 68Zn/67Zn; see SI) can be used to infer the
maximum quantity of 68ZnO NPs that may be present in the
tissue and whether this abundance is sufficient for direct
detection using suitable imaging techniques.46 In addition, the
use of dissection, and subsequent isotopic analysis of separate
organs to determine the distribution of enriched tracer
throughout the organism, may elucidate the uptake mechanism.
In summary, commercial ZnO NMs do not possess indi-
genous Zn isotopic compositions that are sufficiently distinct
from natural and anthropogenic materials to enable stable
isotope tracing of ZnO NPs. Such tracing is possible, however,
using ZnO NPs that are made from and thus labeled with
highly enriched single isotopes of Zn, which are available com-
mercially. Exceptional detection sensitivities can be achieved for
ZnO NPs by stable isotope labeling, particularly when high
precision mass spectrometry is used to determine the diagnostic
isotope ratios in relevant samples. The application of such
methods enables the selective detection of even trace quantities
of ZnO NMs against high and variable background concen-
trations, thus allowing ecotoxicological exposures to be carried
out using environmentally relevant NP concentrations.
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(59) Marećhal, C.; Nicolas, E; Douchet, C.; Albared̀e, F. Abundances
of zinc isotopes as a marine biogeochemical tracer. G-Cubed 2000,
1 (5), 1015−1030.
(60) Mason, T. F. D.; Weiss, D. J.; Chapman, J. B.; Wilkinson, J. J.;
Tessalina, S. G.; Spiro, B.; Horstwood, M. S. A.; Spratt, J.; Coles, B. J.
Environmental Science & Technology Article
dx.doi.org/10.1021/es204440d | Environ. Sci. Technol. 2012, 46, 4149−41584157
Zn and Cu isotopic variability in the Alexandrinka volcanic-hosted
massive sulphide (VHMS) ore deposit, Urals, Russia. Chem. Geol.
2005, 221 (3−4), 170−187.
(61) Ohno, T.; Shinohara., A.; Chiba, M.; Hirata, T. Precise Zn
isotope ratio measurements of human red blood cell and hair samples
by multiple collector-ICP-mass spectrometry. Anal. Sci. 2005, 21 (4),
425−428.
(62) Pichat, S.; Douchet, C.; Albared̀e, F. Zinc isotope variations in
deep-sea carbonates from the eastern equatorial Pacific over the last
175 ka. Earth Planet. Sci. Lett. 2003, 210 (1−2), 167−178.
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